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Abstract
SLENDER FRP ELEMENTS AS DISCRETE REINFORCEMENT FOR CONCRETE

by

Yuan Tian

Advisor: Prof. Ardavan Yazdanbakhsh

This dissertation presents a study that led to the development of slender elements that look like
fibers used for reinforcing concrete but with a very different reinforcing mechanism. These
elements, referred to as “Needles” are very rigid and strong; when intersected by growing cracks
in concrete under heavy and increasing loads, they do not break and deform minimally. In the
present work major steps were taken to understand the reinforcing mechanism of Needles. In
addition, to investigate the influence of Needles on the mechanical performance of concrete
incorporating Needles, at both material and structural levels, a series of laboratory experiments
and simulations of concrete incorporating Needles with different physical characteristics were
designed and conducted. The investigated physical characteristics of Needles include size and
overall geometry. The study focused on glass fiber reinforced polymer (GFRP) composites as the
material for producing Needles. Although other materials can be used for producing Needles,
GFRP materials were chosen for their unique mechanical properties, particularly, very high
values of tensile strength and stiffness.
i

The findings of the study revealed that GFRP Needles increase the tensile strength and postfailure toughness of concrete significantly without any negative impact on concrete’s
workability, stability, and compressive strength. The orientation of glass fibers in Needles has a
strong correlation with the reinforcing performance of the Needles. The performance is at
maximum level when all the fibers are aligned with Needle’s axis. Compared with the FRP
Needles, FRP fibers (which are smaller and slenderer than Needles) can significantly increase the
toughness of the concrete beam. Many other laboratory test results revealed that the Needles
improve the performance of concrete members significantly regardless that more possibilities of
size and geometry of needle are yet to be experimented. Because the number of experiments
required to determine optimal geometries of Needles is prohibitively large for a laboratory
setting, the finite element method (FEM) and a concrete damage model were integrated to
simulate the performance of GFRP Needles with different geometries in concrete. The
simulation focused on the post cracking tensile strength of concrete. Probability theory was
employed to model the orientation and location of Needles as random variables.
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Introduction
1.1 Motivation and objective
In 2019, the annual production of cement reached 4.1 billion tons worldwide [1]. This statistic
suggests that approximately 32 billion tons of concrete were produced in 2019, far exceeding the
1.87 billion metric ton production of steel [2], another widely used construction material. Despite
its wide use, concrete has several shortcomings, one of which is the labor and time required for
the preparation and placement of continuous steel reinforcement.
To reduce the construction time and the demand for skilled labor, numerous research projects
and developments have been in progress aiming at producing effective discrete reinforcing
elements (DRE), slender but relatively short elements that can be added to fresh concrete during
mixing. Fibers are the only existing DREs that have been researched and successfully
commercialized. Fibers increase the post-failure toughness of hardened concrete but reduce the
workability of fresh concrete significantly, due to their high specific surface area. Chemical
admixtures are required to improve the workability of fiber-incorporated fresh concrete.
Moreover, fibers agglomerate and form clumps in concrete when fiber dosage exceeds a specific
limit, resulting in the formation of weak zones and inadequate reinforcement of concrete.
Therefore, the dosage of the fiber used in concrete is typically limited to about 1.0% by volume
in practice, which in turn significantly limits the gain in tensile strength of fiber-incorporated
concrete. A new DRE that does not have the shortcomings, as mentioned above, is desirable.
A new type of DRE is investigated in this study. These rod-shaped and very stiff slender DREs
are elongated pieces of fiber-reinforced polymer (FRP) composite materials, hereafter referred to
1

as “Needles.” The mechanism by which Needles function in concrete as reinforcement is
fundamentally different from that of commercially used fibers. Needles have relatively low
aspect ratios, large diameters, and low specific surface areas. Therefore they do not tend to
agglomerate or affect the workability of concrete.
One significant potential value of the proposed study comes from the fact that Needles can be
produced from the fiber-reinforced polymer end-of-life or production waste to reduce the overall
environmental burdens of concrete and FRP product systems. The use of FRP in major
engineering industries, including construction, wind energy sectors, etc., has been proliferating in
the last three decades. The problem is that FRP materials are typically made from fossil fuels, are
non-biodegradable, and are designed to last only a few decades. Currently, the primary FRP
waste management methods are incineration and landfilling, which impact the environment
negatively. Processing the FRP waste into DREs for use in concrete is a potential approach to
mitigate the abovementioned concrete production and FRP waste management issues.
An objective of this research is to conduct experimental investigations to measure important
mechanical properties of slender FRP elements incorporated concrete, and to find how geometry,
fiber orientation and size of FRP slender element in concrete affects the selected properties of
concrete. Another essential objective of the project is to develop a model for simulating the postcracking mechanical behavior of concrete with slender FRP elements. The model can be used to
determine the optimal geometries of a slender FRP element leading to the best tensile
reinforcement of concrete for given mechanical properties of the slender FRP element and
surrounding concrete. The model will be used to compare the performances of the slender FRP

2

element with different geometries and to observe if the experimental results support the
simulation findings.

1.2 Research Scope
This study investigates the slender FRP element and the mechanical performance of concretes
that incorporate those elements. The slender FRP element, especially those classified as Needles,
have two important characteristics that distinguish them from commercial fibers; aspect ratio and
size. The aspect ratio of a Needle is notably lower than those of macro-fibers commercialized for
use in concrete. The aspect ratio of Needles used in the experimental phase of this study is
approximately 17. The aspect ratios of a typical commercial steel macro-fibers are typically
between 20 and 100. The aspect ratio of commercial nonmetal macro-fibers is typically between
35 and 200. Despite their relatively low aspect ratio, FRP Needles are significantly longer and
thicker than macro-fibers. The nominal cross-sectional diameter of a typical commercial fiber is
smaller than 1mm, and its length ranging from 20mm to 60mm. While the FRP-Needles used in
this study is 100mm long, with a diameter of 6 mm, making the cross-section area of the Needles
50 times larger than that of most of the commercially available macro-fibers. The differences
between the size and aspect ratio of the Needles and several commercial fibers for use in
concrete are shown in Figure 1.1.

3

Figure 1.1 The geometric comparison of the Needles and fibers

Needles need to be, by definition, mush stiffer than commercial fibers. This can be achieved by
two distinct means; using materials with very high Young’s modulus (much higher than that of
steel), or designing slender elements with a high cross-sectional area. The former option can be
prohibitively expensive. FRP Needles used in this study are much stiffer than fibers, mainly due
to their higher cross-sectional area. The high stiffness of Needles prevents them from undergoing
plastic deformation even if they are located in the highly deformed zones of fractured concrete.
The effects of the geometry, the orientation of fibers within FRP Needles, and the size of the
FRP discrete elements on mechanical properties of concrete are studied in this research program.
The study follows a two-pronged approach, which consists of laboratory experiments and
computer simulation. Experiments were conducted on material and structural levels. In the
material level, the tests measure the primary properties of concrete, including compressive
strength, tensile strength, flexural strength, and toughness of the FRP Needle-incorporated
4

concrete. On the structural level, bending tests were conducted on Needle-incorporated flexural
reinforced concrete members, to measure their load-carrying capacity and post-failure properties.
A series of FEM simulations were conducted evaluating the post-cracking behavior of
concrete incorporating FRP discrete elements. The objective of the simulations is to compare the
tensile performance of cracked concrete members reinforced with different types of Needles. The
model parameters in the simulation are diameter, aspect ratio, embedded length of Needle, and
the orientation of the Needles with respect to the surface of the cracks that they intersect.
Therefore, the parameter with the strongest influence on the post-cracking tensile strength of the
concrete was investigated by means of simulation, providing a reference for designing concrete
incorporating FRP discrete element of particular post-crack tensile strength for specific
applications.

1.3 Outline of the Dissertation
This dissertation consists of 7 chapters. Chapter 2 incorporates related literature review on
different applications of FRP materials in concrete, the application of discrete reinforcement
elements in concrete, and the use of recycled FRP in concrete to serve different functions,
including reinforcement. In addition, Chapter 2 discusses in detail the shortcomings of fiber as
discrete reinforcing elements in concrete.
Chapter 3 introduces a low aspect ratio FRP discrete reinforcement elements (the Needles) and
discusses the effect of the geometry of the reinforcing elements on the mechanical properties of
concrete. Discrete elements of different aspect ratios are also compared in this chapter for their
effect on the mechanical properties of concrete.

5

Chapter 4 discusses the mechanism by which FRP Needles functions in concrete. FRP Needles
made from recycled wind turbine blades, which have orthotopic fiber orientations due to the
recycling process, were used to produce concrete specimens. The test results are compared with
those of concrete specimens incorporating Needles with uni-directional fibers made from FRP
reinforcing bars. The comparison reveals the effects of fiber orientation in FRP Needles on the
mechanical properties of concrete.
Chapter 5 presents an experimental study comparing the effects of FRP Needles, FRP fibers, and
reference steel fibers on a number of critical mechanical properties of concrete and shear
capacity of reinforced concrete beams. The size effect of discrete slender elements (Needles and
fibers) on concrete’s mechanical performance was investigated by means of laboratory
experiments in this phase of the study.
Chapter 6 investigates the post-cracking tensile behavior of concrete incorporating Needles and
fibers through numerical simulation. The tensile strength of concrete incorporating different
kinds of Needles with different diameters and aspect ratios are estimated for different crackopening widths. The probability theory was used to analyses the simulation results and estimate
the tensile strength of cracked concrete incorporating FRP Needles with different geometries at
different crack width opening.
Finally, Chapter 7 presents the main conclusions of the research project. Suggestions for future
work are also presented in this chapter.
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Background: Use of discrete slender FRP elements
in concrete
2.1 Existing applications of FRP materials in concrete structures
Fiber reinforced polymer (FRP) materials first appeared in the 1940s[1]. In recent decades, FRP
started to be used in building constructions. There are different applications of FRP in structural
concrete, which can be classified into two categories, external reinforcement, and internal
reinforcement. The use of FRP as a construction material has a number of important advantages.
For example, the upper limit in thickness is higher for FRP sheets than that of steel plates, and
the FRP sheet installation is simple. However, FRP has a number of undesirable characteristics.
For example, it is brittle, and the ultimate tensile strength of FRP reinforcing bars changes with
bar diameter [2].
When FRP material is used as the external reinforcements of concrete structures, it can be in
many different forms. The FRP strips or sheets can replace the external steel plates on concrete
elements under some circumstances. FRP sheets wrapped around reinforced concrete elements
increase the strength and ductility of the elements without much stiffness change[2]. Li et al. [3]
investigated the application of concrete-filled circular FRP tubes.
When FRP material is applied as the internal reinforcements in concrete structures, it can be in
the form of rebar and helix. FRP can also be used as the prestressed reinforcements in concrete
members. Because of the better corrosion resistance of FRP compared to the steel, FRP rebars
are also widely used at locations where highly corrosive substances are present, including
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transportation facilities, chemical processing facilities, and in the cold regions where salts are
used in roads and bridges [4]. Shear capacity and flexural strength of concrete beam are
improved with FRP helix reinforce the beam. A concrete beam incorporating FRP helix also has
a more ductile failure pattern, showing the positive effect of the helix on dissipating energy. This
result is one of the inspirations for this research to use FRP as DRE [2].

2.2 Use of Discrete reinforcing elements in concrete
One of the impediments to using concrete in construction is its inherent low tensile strength
combined with brittleness, leading to cracking and disintegration of the material into separate
pieces at relatively low tensile stresses. This issue has been partially circumvented at both the
material and structural levels by using discrete and continuous reinforcing elements, namely
fibers and reinforcing bars (rebar), respectively.
The discrete elements in concrete are usually fibers. As far as three thousand years ago, humans
started using vegetable fibers, straw, animal hair in building materials, such as clay block and
loam wall [5]. The fiber addition helped to mitigate cracking in building materials. Nowadays,
humans still use fibers in concrete to help control cracking. There are 5 types of common
commercial fibers used in concrete, carbon fibers, steel fibers, glass fibers, polypropylene fibers,
and nylon fibers. Those fiber types can be classified into two categories according to their
Young’s modulus relative to that of the mortar surrounding the fibers [5].
Fibers are widely used in concrete for different purposes, ranging from shrinkage cracking
control, to reducing or even replacing rebars in various types of members, such as fiber
reinforced concrete (FRC) panels for architectural uses[6], flat structural members such as
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airport taxiways[7], slabs-on-ground [8] and elevated slabs[9]. Rigid FRP fibers have also been
studied by Patnaik [10-11] and Branston [12]. The use of fibers in concrete is attractive because
they can be added during mixing to reduce time and labor costs for preparing (bending, cutting,
and connecting) and placing traditional steel rebars[13].
Concrete macro fibers (as opposed to the smaller microfibers used for controlling shrinkage
cracking) can be as long as 75 mm with aspect ratios (fiber length to nominal diameter) ranging
from 20 to 100 [14]. As described in Chapter 1, most macro fibers are around 20 to 60 mm in
length, have an aspect ratio of 50 or higher, with nominal diameters typically smaller than 1 mm.
Steel fiber was first suggested to be used in concrete in 1910 by Porter [15]. The aspect ratio of
steel fiber is also in the range of 20 to 100 [14]. Steel fibers are typically added into concrete
with a volume content ratio of around 1% in commercial concrete. The addition of 2% of steel
fibers can increase the flexural strength of concrete by around 55% [16].
Concrete incorporating an appropriate amount of polypropylene fibers shows improvement in
most mechanical properties, especially compressive strength. However, the addition of
polypropylene fibers reduces the workability and settlement of fresh concrete [17]. Table 2.1
shows several past investigations on the flexure strength properties of FRC specimens.
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Table 2.1 Results of several past investigations on FRC specimens. (𝑇 are the tensile strength
and 𝐸 modulus of elasticity of fibers, respectively. and 𝐿 , 𝐷 are the length and nominal
diameter of fibers, respectively. 𝐷 is the beam depth and is equal to the beam width.)
Ref.

[19]

Fiber
material
Modified
Olefin
Poly
propylene

Fiber
shape

Tf

Ef

Lf

MPa GPa mm
Surface640 10 48
embossed
Surface
550
7
50
deformed

L f / D f Content

-

D

fc

fp

Vol% mm MPa MPa

D
RTD,150
T150

J

%

67

0.4%

150

57

4.4 36.5

33

75

0.4%

150

48

4.0 30.0

29

Steel

Hooked 1,500 207

60

55

0.2%

150

50

5.1 47.0

37

High C
Steel

Helical 1,700 207

25

50

0.4%

150

41

4.2 31.0

29

Steel

Hooked 1,100 200

60

80

0.5%

100

32

3.3

6.8

31

Steel

Hooked 1,100 200

60

80

0.8%

100

31

3.8

8.2

32

[21]

PVA

Straight 1,600 39

6

222

0.5%

102

59

6.1

8.6

36

[22]

Steel

Hooked 2,500 200

13

65

0.5%

100

64

4.4 10.0

34

Glass

Straight 2,000 76

13

722

2.0%

50

50

7.1

1.7

29

Glass

Straight 2,000 76

19

1,056

1.0%

50

51

4.1

1.2

34

[24]

Steel

Crimped 1,100 200

38

33

2.0%

100

85

8.2 17.1

31

[25]

Steel

Hooked 1,100 200

30

60

0.7%

100

49

5.0 16.7

30

[20]

[23]

Steel

Hooked 1,100 200

30

60

1.0%

100

49

5.6 21.7

34

2.3 Use of Recycled FRP in concrete
FRP has been widely used in many industries in the U.S. The universal application of FRP leads
to a large amount of waste FRP material due to byproducts in the production of FRP material and
products containing FRP material reach limit of service life. While other reclaiming methods
exist, in the U.S., most of the recycled waste FRP material is mechanically processed. Similar to
glass waste which can be been grounded into powder and used in the cement [18-20], one
potential application of the mechanically processed FRP material is filler in Portland cement
mortar and concrete. However, prior studies on the effect of FRP filler on the durability, physical
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properties, and mechanical properties of concrete are limited, the conclusions of which do not
lead to a consensus.
2.3.1 Durability of Concrete Incorporating Recycled FRP
Prior studies suggest that the incorporation of ground waste FRP powder in concrete as fine
aggregate does not adversely affect the durability of Portland cement concrete. Alkali-silica
reactivity (ASR) of GFRP material was investigated by Tittarelli and Moriconi [21] using the
chemical method prescribed by the American Society for Testing and Materials (ASTM) C289
[22], and the result shows no potential deleterious reactivity induced by the GRFP components in
concrete. In addition, because of the superior resistance of polyester, vinyl ester, and epoxy
resins to alkali attack [23], another durability concern in concrete, FRP reinforcing elements
(rebars) in concrete are widely accepted in construction, especially in the marine environment
[24].
2.3.2 Physical Properties
Concrete incorporating FRP powder as fine aggregates shows reduced water absorption, and thus
reduced drying shrinkage [21] [27] , which in turn reduces cracking [25,26]. Tittarelli [26] also
reported improved thermal insulation properties of concrete and reduced salt crystallization on
mortar surfaces (efflorescence) on when immersed in 𝑁𝑎𝐶𝑙 and 𝑁𝑎 𝑆𝑂 solutions.
However, one disadvantage of incorporating FRP waste in cementitious materials is reduced
workability due to the high surface area of recycled FRP material. Replacing only 5%-10% of sand
by volume with ground GRFP could increase autogenous shrinkage and delay settlement [21].
Compared with fly ash, ground GFRP waste more significantly reduces the viscosity of concrete
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paste [26]. Either significantly higher water to cement ratio or notable amount of superplasticizer is
needed to maintain the workability [28, 29].
2.3.3 Mechanical Properties
The mechanical properties of concrete incorporating recycled FRP is inferior to that of normal
concrete. Results from key prior studies, though using different cementitious matrix and different
sizes of FRP filler, show a trend that concrete mechanical properties drastically decreases with
the replacement of aggregates with recycled FRP [30]. Some of the studies attributed the
decrease in mechanical properties of concrete to high w/c ratio to maintain workability [28]
[29], curing methods [36], and poor gradation and bond between FRP material and cement [31].
However, It is important to note that because the studies on the mechanical properties of FRP
waste incorporated cementitious material are very limited, no firm conclusion can be drawn on
the viability of using recycled FRP in cementitious material as aggregate replacement. Ogi et
al.[32] replaced aggregate with FRP material with fiber-like recycled FRP filler and reported no
significant change in concrete mechanical properties, indicating potential areas of improvement
for FRP elements in concrete.
2.3.4 The optimization of recycled FRP in concrete
The strength, stiffness (Young’s modulus), and the strength of bond at the interface, are the three
influencing aspects of FRP material that affect the mechanical concrete, as other filler in
composite materials.
The average compressive strength of natural aggregate is above 10 MPa[33]. Compressive
strength of hydrated cement paste with w/c ratios from 0.39 to 0.3 is 70 MPa to 100 MPa [34]
The compressive strength of FRP materials vary greatly depending on the type and directionality
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of the FRP material but still typically higher than cement paste per a review of the mechanical
properties of all types of FRP [30]. Therefore, the strength of FRP material is not likely to be the
primary cause of mechanical property reduction of concrete.
Because the composite integrity of FRP is destroyed during mechanical processing
[26,30,31,36], Young’s modulus of ground FRP material is that of its major component,
polyester resin, which is 1/10 of that of the natural aggregate and 1/5 of cement paste, creating
weak zones in concrete.
The bonding between FRP and cementitious material is low due to the coated surface and
adhesion resisting the releasing agent of FRP [34]. This is speculated to be the primary cause of
the reduced mechanical properties of concrete.
Considering the above, FRP filler of high compressive strength FRP material, in relatively large
size with a rough surface, is considered potentially better perform the natural aggregate
replacement. This hypothesis aligns with findings by Ogi et al. [32]. Further experimental
investigations on FRP waste of different sizes, aspect ratios, fiber types, and fiber contents, are
necessary to confirm the hypothesis. In addition, reduction in mechanical properties can be
mitigated by methods other than modifying the FRP filler, such as modification to the concrete
matrix.
Another issue with using recycled FRP material is the high variation in the type of FRP material,
physical properties, and mechanical properties, which leads to unstable concrete properties. One
solution is recycling FRP material from known sources, which is suitable for recycling
production waste in the factory. Another solution is to establish a testing system classifying FRP
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waste mix according to the physical, mechanical and geometry properties, and divert RFP waste
mix of a different class for different use.

2.4 Shortcomings of Fibers as Reinforcing Element in Concrete
Fibers have three main shortcomings: (1) They tend to agglomerate and form clumps in fresh
concrete. Therefore, the maximum dosage of fiber used in the concrete industry is typically
limited to 1.0% of the total volume of concrete; (2) Fibers reduce the slump [35] and workability
of concrete significantly due to their small cross-section dimensions and high aspect ratios, and
resulting high specific surface area absorbing a significant amount of mixing water [7]; (3)
Although fibers can enhance the post-failure toughness of concrete significantly because only a
limited dosage of fibers can be used, their effect on the tensile strength of concrete – an
important parameter in the design of structures such as rigid pavements – is typically low [3638].
Water reducing admixtures are used to increase the workability of FRC and mitigate the
abovementioned shortcomings. However, when the volumetric fiber content of concrete exceeds
values as low as 0.75% the high demand and use of water-reducing admixtures can lead to
segregation, i.e. the separation of aggregates from the paste in concrete [39].
Therefore, a new type of discrete FRP reinforcement element is proposed. It is expected that
Needles, if properly designed, eliminate the shortcomings.
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The Effects of the Geometry of Discrete FRP
Elements on the Mechanical Performance of Concrete1
3.1 Introduction
This chapter introduces a new type of low-surface-area discrete reinforcement for concrete, made
from glass fiber reinforced polymer (FRP) composite materials. One objective of this phase of
the study is to demonstrate how discrete FRP reinforcement, regardless of whether they are made
by processing waste or as a new product, affect workability and stability of fresh concrete,
compressive strength, modulus of elasticity in compression, splitting tensile strength, in addition
to the load-deformation responses of concrete specimens before and after failure as an indication
of toughness. The other objective is to observe the effect of the geometry of FRP elements on the
selected properties of concrete, by testing concrete batches incorporating discrete FRP
reinforcement with the same FRP contents but of different aspect ratio and comparing the results.
To investigate the effect of the geometries of the discrete FRP reinforcement on the mechanical
performance of concrete, two types of discrete concrete reinforcing elements were produced,
Recycled Aggregate (FRP-RA) of an aspect ratio of 1, and Needles (FRP-Needle) with relatively
higher aspect ratio. Developing a precise quantitative definition of FRP-Needles that specifies
ranges for their geometry and property is a challenging task since these ranges can be quite large

1

The presented work in this chapter have been published in: "FRP-Needles as discrete

reinforcement in concrete." Journal of Materials in Civil Engineering 29.10 (2017): 04017175.
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and will depend on the size of the concrete member being reinforced with the FRP-Needles. It is,
however, important to note that FRP-Needles have distinct physical and functional differences
from concrete macro fibers: (1) FRP-Needles are longer than macro fibers; the Needles used here
are 100 mm long, (2) FRP-Needles are significantly larger in diameter than the thickest concrete
fibers, and therefore the aspect ratios of the Needles are notably lower than those of concrete
macro fibers; the FRP-Needles used in this phase of the study have a diameter of 6 mm (aspect
ratio of 17), making their cross-sectional area over 50 times larger than that of most of the
commercially available macro fibers, (3) FRP-Needles are very rigid and do not undergo plastic
deformation during the failure of concrete under load, even if they are located in the fracture
zones, (4) FRP-Needles can function as both discrete reinforcement and coarse aggregate in
concrete, due to their large size and significant stiffness. To the best knowledge of the
investigator, the use of FRP-Needles in concrete has not been studied in the past.

3.2 Experimental program
3.2.1 Materials and concrete mixtures
The scrap FRP rebars used in the study to produce FRP-Needles and FRP-RA were from the
production of helically-wrapped and sand-coated Aslan glass fiber reinforced polymer rebars
produced by Hughes Brothers in the U.S. The bars were helically-wrapped and sand-coated by
the manufacturer to enhance the bond between rebars and concrete. The manufacturer-reported
properties of FRP rebars are presented in Table 3.1.
To produce FRP-Needles, waste rebars with reported diameters of 6 mm were removed from a
pile of production scrap (Figure 3.1) and cut by using a diamond saw into cylindrical pieces
(Figure 3.2) with a length of 100 mm (aspect ratio of 17). In the mixed development phase of the
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study concrete mixtures were produced with different contents of FRP-Needles of different sizes.
FRP rebars with the lowest commercially available diameter (6 mm) were selected to increase
the aspect ratio, as well as the number of Needles per volume of FRP, thereby reducing the
spacing between the Needles in concrete. In addition, the length of 100 mm was selected for the
FRP-Needles since beyond that length, the orientation of the Needles is significantly affected by
the size of concrete molds used in the present study.
To produce FRP-RA (Figure 3.3), waste rebars with reported diameters of 6, 10, 13, and
19 mm were cut into short cylindrical pieces with nearly the same length as bar diameter (aspect
ratio of one). Using a large laboratory sieve shaker, the cut bars were proportioned to have a size
gradation that fits within the limits of the ASTM C33 grading size of 56 with a maximum
particle size of 19 mm (Figure 3.5) [1]. The NA available in the laboratory (crushed granite) was
re-graded by using the sieve shaker to achieve the same standard gradation as that of the FRPRA. ASTM graded manufactured sand and Type I Portland cement was used in all concrete
mixtures. The proportions of the concrete mixtures are presented in
Table 3.2. The control (NA) mixture was proportioned to have a target average compressive
strength of 40 MPa and a slump of 75 mm; characteristics commonly specified by designers for
the concrete structures in the U.S.
Two FRP-Needle incorporated concrete mixtures, FRP-NDL-5 and FRP-NDL-10, were
produced using the same mix proportions as those of the NA concrete, but with 5% and 10% of
NA replaced volumetrically with FRP-Needles, respectively. In FRP-NDL-5 and FRP-NDL-10
mixtures, the Needles constitute 1.76% and 3.52% of concrete volume, respectively. These
values were calculated from the mix proportions of concrete presented in Table 3.2 and the
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specific gravity (SG) of FRP-Needles measured by the authors, which is 1.96, as opposed to the
reported value of 1.908 for the FRP rebars presented in
Table 3.2. The aforementioned Needle content values are larger than fiber content in FRC
(typically less than 1.0%, beyond which the probability of major fiber agglomeration is high).
For a given volume of elongated elements (fibers or Needles) distributed randomly in a specified
volume of concrete, increasing the diameter of the elements results in an increased spacing
between them. Lower spacing between the elements is more desirable as it leads to a better
distribution of stresses in the concrete matrix. Therefore, since FRP-Needles are significantly
larger in diameter than fibers, higher volumetric contents were selected to avoid large spacing
between the Needles in the concrete matrix. The present study aims at investigating the effect of
FRP-Needles on a number of important fresh and hardened properties of concrete, as opposed to
finding optimum Needle content, which depends on the structural application of concrete. To
compare the effects of FRP-Needles and FRP-RA on the studied properties of concrete, two
FRP-RA incorporated mixtures were produced using the mix proportions of NA concrete with
5% and 10% of NA replaced volumetrically with FRP-RA to produce FRP-RA-5 and FRP-RA10 mixtures, respectively.
Preliminary studies by the investigator and coworkers show that the absorption rate of cut FRP
rebars is low, and full absorption takes much longer than the setting of concrete [15].
Considering the low absorption rate of the FRP-RA and FRP-Needles and their low content in
concrete mixtures, no additional adjustment was made to the amount of mixing water to account
for the moisture absorbed by the FRP inclusions.
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Table 3.1. Manufacturer supplied properties of the FRP rebars
Tensile strength (MPa)
Transverse shear strength (MPa)
Tensile modulus of elasticity (GPa)
Specific gravity
24-hour moisture absorption (%)
Fiber content by weight (%)
Fiber type
Matrix material

Figure 3.1 FRP reinforcing bar production
scrap

620 - 896
150
46
1.908
≤ 0.25
70
ECR glass fibers
Vinyl Ester resin

Figure 3.2 FRP-Needles cut from FRP rebars
and used in the study

Figure 3.3 Samples of FRA-RA produced by cutting FRP rebars with manufacturer-reported
diameters of (a) 6 mm, (b) 10 mm, (c) 13 mm, and (d) 19 mm.
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Figure 3.4 FRP-RA with the ASTM C33 grading size of 56.
Table 3.2 Mix proportions of the concrete mixtures (kg per 1 m3 of concrete).
Mixture

Control (NA)

FRP-NDL-5

FRP-NDL-10

FRP-RA-5

FRP-RA-10

Cement
Water
Sand (SSD)
NA (SSD)
FRP-Needle
FRP-RA
FRP Vol Cont. (%)
Slump (mm)

422
190
683
950
70

422
190
683
903
34
1.76
75

422
190
683
855
69
3.52
70

422
190
683
903
34
1.76
70

422
190
683
855
69
3.52
65

3.2.2 Specimens and testing
For each of the five concrete mixes, one batch of concrete was produced, and for each batch, 6
cylinders with a diameter of 150 mm and a height of 300 mm were cast. The orientation of the
Needles (similar to that of stiff macro fibers) near mold surfaces is affected by the process of
molding, leading to preferential alignments. Some standards of testing FRC beams [2] [3] require
that the dimensions of the mold be at least three times the length of fibers. However, ASTM
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C1609 [10] allows waiving the “three times fiber length” requirement when longer fibers are
used to permit casting specimens with desired dimensions. The molds selected in this study have
the largest dimensions (150 mm by 300 mm) specified by ASTM C39 [4] for performing
compressive strength and splitting tensile strength tests. After the production of each batch and
before casting, the cylinders slump test per ASTM C143 [5] was performed. In addition, visual
observations were made for mix stability, and potential segregation of the Needles in the FRPNeedle incorporated concretes. The cylinders were demolded 24 hours after casting and placed in
an environmental chamber with RH of 98% at room temperature.
All the specimens were tested on the same date 28 days after casting. On the day of testing, three
specimens from each mix variation were tested for static modulus of elasticity in compression [6]
and compressive strength [4]. ASTM C469 [6] permits obtaining the modulus of elasticity and
strength at the same loading provided that the gauges are expendable, removable, or adequately
protected so that it is possible to comply with the requirement for continuous loading given in
ASTM C39 [4]. The strain capacity of the strain gauges used in this study was 0.05, which is
significantly higher than that reached when concrete cylinders are loaded up to 40% of their
load-carrying capacities. Unbonded neoprene caps were used for the compression tests [7]. The
specimens for the modulus of elasticity test were removed one day earlier from the
environmental chamber, towel-dried, kept in the laboratory environment for few hours so that
their surfaces became dry, and then each instrumented with two-wire strain gages mounted
circumferentially at diametrically opposite points at the mid-height of the specimen. The average
reading of the two strain gages during the compression test was used to calculate the modulus of
elasticity according to ASTM C469. The three other cylinders of each batch were tested for
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splitting tensile strength [8]. The load-displacement responses were recorded during both
compressive strengths and splitting tensile strength tests. In addition, after-failure deformation
patterns and fractured surfaces of the specimens were examined to study, qualitatively, the
ability of the FRP inclusions to distribute stress in concrete.

3.3

Fresh concrete properties

The stability of the FRP-Needle incorporated mixes and the possibility of the separation or
agglomeration of the Needles was a concern before the initiation of the study. Concrete mixtures
were monitored visually when removed from the mixer and placed in the molds to look for (1)
separation of FRP-Needles from concrete, and (2) agglomeration of FRP-Needles. The visual
examination of the concrete batches produced during the mix development phase and during the
production of the specimens tested for this study show that the FRP-Needles did not segregate
during mixing or casting the cylinders. The high stability of the Needle incorporated mixes was
achieved without using viscosity modifying agents or any other chemical/mineral admixtures.
One main reason for the stability of FRP-Needles is that the concrete slump was relatively low
(average value of 70 mm). Segregation of coarse aggregates (and possibly, other large solid
elements such as FRP-Needles) in concrete is less probable when concrete workability is low [9].
However, since concretes with slump values similar to those measured in this study are
commonly used in construction, the finding that FRP-Needles remain stable in concretes with
this rage of the slump is important.
The slump test results, presented in Table 3.2, show that the differences in the slump values of
the mixtures are within the margin of error. Therefore, FRP-Needles, as opposed to fibers, when
used in as high dosages as 3.52% of concrete volume, do not affect concrete slump and therefore
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do not lead to the need for additional water-reducing admixtures or developing specific mix
proportioning techniques. The specific surface area of the FRP-Needles is similar to that of the
coarse aggregates they replaced. In addition, for a given volumetric dosage, the number of FRPNeedles in concrete is much smaller than that of fibers. These facts explain the insignificant
impact of FRP-Needles on workability as measured by the slump test in this study.
The potential limitations of fresh Needle-incorporated concrete should be considered in future
studies on the performance of structural members, as well as in application and design. For
example, if concrete with FRP-Needles is used in cast-in-place concrete columns since the fresh
concrete needs to travel all the way to the bottom of the mold during casting, some of the
Needles may become entangled in the cage if the spacing between the steel rebars is small.

3.4 Mechanical Properties of FRP incorporated concrete
3.4.1 Mechanical properties and failure behavior in compression
The results from the compressive strength and the modulus of elasticity in compression tests are
presented in Table 3.3. The use of both FRP-Needles and FRP-RA in concrete resulted in
relatively small reductions in compressive strength. Replacing 5% and 10% of NA, by volume,
with FRP-Needles reduced the concrete compressive strength from 40.2 MPa to 38.0 MPa and
36.7 MPa (reductions of 5% and 9%), respectively. The volumetric replacement of 5% and 10%
of NA with FRP-RA reduced the concrete compressive strength to 37.9 MPa and 38.9 MPa,
(reductions of 6% and 3%), respectively. A possible reason for these moderate reductions in
compressive strength is that the angular-shape crushed stones (NA) can develop better interlock
compared to the cylindrical FRP-Needles or FRP-RA that replace them. The results in Table 3.3
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show that FRP-Needles and FRP-RA do not have a significant effect on the modulus of elasticity
of concrete, which is expected to be due to the low volumetric dosages of FRP in concrete mixes
(1.76% and 3.52%).
The compressive load-displacement results of NA, FRP-Needle and FRP-RA concretes are
presented in Figure 3.5. The curves were horizontally shifted to account for the initial flexibility
of the neoprene pads used for testing [7]. The magnitudes of displacement in these curves were
measured by the embedded linear variable differential transformer (LVDT) of the testing device,
rather than external LVDTs, and therefore cannot be used reliably for quantification of concrete
properties such as toughness. However, the curves can be used to qualitatively compare the
failure behavior of concrete specimens with different mix proportions. In the load-displacement
curves are shown up to the displacement values at which concrete specimens crush and the load
values decrease suddenly and significantly. The figure shows that NA concrete crushes abruptly
and immediately after the compressive load reaches its peak value. However, as shown in Figure
3.5 a), FRP-NDL-5 and FRP-NDL-10 concrete continue to carry the load for some additional
compressive displacement before failure. FRP-RA incorporated concretes, similar to NA
concrete, failed abruptly in compression after the applied load reached the peak value, as shown
in Figure 3.5 b).
Figure 3.6 shows the cylinders from the five concrete mixes after compressive failure. NA
concrete is crushed into pieces, and deep cracks can be observed in the specimen. In the FRPNDL-5 specimen, the concrete surface has been spalled, but the cylinder’s core has maintained
its integrity. The spalling of the FRP-NDL-10 specimen is notably less and the lateral expansion
is not noticeable, indicating a higher post-failure toughness. Both FRP-RA-5 and FRP-RA-10
30

specimens have developed large and deep cracks resulting in the separation of large portions of
concrete from the cylinders (Figure 3.6 d,e).
Table 3.3 Compressive strength (fc) and modulus of elasticity in compression € of the concrete
specimens, and their mean values fcm and Em.
Concrete type
NA (Control)

FRP-NDL-5

FRP-NDL-10

FRP-RA-5

FRP-RA-10

Specimen

fc (MPa)

1

41.3

2

39.1

3

40.1

1

39.4

2

36.7

fcm (MPa)

E (GPa)

Em (GPa)

29.1
40.2

24.2

29.0

33.8
31.8
29.6

38.0

3

38.0

16.2

1

36.0

42.0*

2

37.1

3

36.9

24.0

1

37.4

32.2

2

39.3

3

37.0

29.1

1

38.0

39.0

2

40.0

3

38.8

35.5*

36.7

27.2

37.9

32.6

38.9

30.7

*

24.0

29.5

33.4

28.6

* The strain gage reading had high noise. The modulus of elastici€(E) was regarded as an outlier
and was not used for calculating the Em.
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Figure 3.5 Load-displacement results from compressive strength testing of concrete specimens
with (a) FRP-Needles and (b) FRP-RA as well as those of NA concrete specimens.
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(a)
a)

(b)

(c)

(d)

(e)

NA

FRP-NDL-5

FRP-NDL-10

FRP-RA-5

FRP-RA-10

Figure 3.6 Figure Concrete specimens with different compositions after compressive failure: (a)
NA concrete, (b) FRP-NDL-5, (c) FRP-NDL-10, (d) FRP-RA-5 and (e) FRP-RA-10.

3.4.2 Mechanical properties and failure behavior in tension
The splitting tensile strength results of the concrete specimens are presented in Table 3.4. The
results show that the volumetric replacements of 5% and 10% of NA with FRP-Needles
increased the splitting tensile strength of concrete from 3.42 MPa to 4.18 MPa and 4.55 MPa,
respectively. That is, the splitting tensile strengths of FRP-NDL-5 and FRP-NDL-10 concretes
are 22% and 33% higher than that of NA concrete, respectively; these changes are much more
significant compared to the 5% and 9% reduction in compressive strength when 5% and 10% of
NA is replaced by volume with FRP-Needles.
The replacement of 5% and 10% of NA by volume with FRP-RA resulted in 10% and 0%
reduction in splitting tensile strength. These findings were unexpected as a previous study by the
investigator and coworkers [10] shows that the incorporation of the higher dosages of FRP-RA in
concrete would lead to a larger decrease in splitting tensile strength. Since the dosages of FRPRA used in this study are relatively low (5% and 10%) the results are sensitive to the minor
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errors that might have occurred during mixture production or testing. Nevertheless, the results of
both the previous and present studies demonstrate clearly that FRP-RA, as opposed to FRPNeedles, does not increase the splitting tensile strength of concrete. Figure 3.7 shows the loaddisplacement curves from the splitting tensile strength tests. Figure 3.7 a)shows that the postpeak tensile toughness of FRP-NDL-5 and FRP-NDL-10 concretes, particularly the latter, are
significantly higher than that of NA concrete. The figure also shows that the failure strains of
FRP-NDL-5 and FRP-NDL-10 concretes are much higher than that of NA concrete. FRP-RAs
did not change the failure behavior of concrete in tension.
400

(a)

350
300

NA (conctrol)
FRP-RA-5
FRP-RA-10

(b)

350
300

250

Load, kN

Load, kN

400

NA (conctrol)
FRP-NDL-5
FRP-NDL-10

200
150
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100
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50

0

0

0

0.4

0.8
1.2
Displacement, mm

1.6

0

0.1

0.2
0.3
Displacement, mm

0.4

Figure 3.7 Load-displacement results from splitting tensile strength testing of concrete specimens
with (a) FRP-Needles and NA, and (b) FRP-RA and NA concrete specimens.

During the splitting tensile strength testing of NA concrete, shortly after the applied load reached
its peak value, the cylinders were broken (split) into two separate pieces FRP-Needle
incorporated concrete specimens developed multiple cracks but did not break into separate
pieces. Figure 3.8a and 3.8b show the FRP-NDL-5 and FRP-NDL-10 specimens after failure and
before unloading in the testing machine, respectively. Each specimen has maintained its integrity
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as one piece, although deeply cracked and with circumferences deformed from circular into oval
shapes. Figure 3.8 c shows that, although at the end of testing the FRP-NDL-10 specimens were
more deformed laterally than FRP-NDL-5 specimens, they formed cracks with smaller opening
widths. Figure 3.9 a and b show an FRP-NDL-5 and FRP-NDL-10 concrete cylinders after
unloading, respectively. Figure 3.9 a and b show that the FRP-NDL-5 cylinder, despite having
carried a lower load, is more damaged and have developed wider cracks when compared to the
FRP-NDL-10 cylinder. The tested FRP-Needle incorporated cylinders could only be broken into
separate pieces by a hammer, two chisels and a significant amount of effort by an investigator.
Demonstrate the relatively uniform distribution and orientation of the Needles in the concrete
cylinder, despite the fact that the diameter of the concrete cylinder molds is only 50% larger than
the length of the FRP-Needles. Concrete cylinders incorporating FRP-RA were split into two
pieces after failure similar to NA concrete specimens (Figure 3.10).
The remarkable increase in the tensile strength and post-failure toughness of concrete caused by
the addition of FRP-Needles can be in part caused by the strong bond between the Needles and
concrete. Past studies have shown that the bond strength of FRP rebars can be equal or higher
[11], or up to 40% lower [12] than that of surface-deformed steel rebars, which maintain strong
interface bond in concrete matrices. A study performed on the FRP rebars used in this work (but
with the diameter of 10 mm) shows that the bond strength of FRP rebars is only 10% lower than
that of surface-deformed steel rebars in concrete with the compressive strength of 40 MPa [13].
The development length of the FRP-Needles is another characteristic that affects the ability of
the Needles to carry and distribute stress within the concrete matrix before and after the peak
load. The guidelines of the Fiber-Reinforced Polymer Reinforcement Committee of the
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American Concrete Institute (ACI) presents the following equation for calculating the
development length (𝑙 ) of FRP rebars [14]:

ld 





 f fr / 0.083 f c  340
13.6  C / d b

 d b (in SI units)

Equation 3.1

Where 𝛼 is a constant equal to either 1.0 or 1.5 depending on whether the distance of the rebars
from the bottom of the concrete member is lower or higher than 300 mm, respectively. 𝑓 is the
tensile stress carried by the rebar, 𝑓 is the compressive strength of concrete, 𝐶 is the lesser of
one-half of the center-on-center spacing of the bars being developed and cover to the center of
the bar, and 𝑑

is the diameter of FRP rebar. This equation and the results of splitting tensile

strength tests can be used to roughly estimate the development length of FRP-Needles. By visual
observation of the fractured surfaces of FRP-NDL-10 specimens, it was determined that the
average spacing between the Needles were approximately 40 mm, and that an average of 18
Needles passed each fractured surface. Two values of 𝑓 were estimated to calculate 𝑙

before

and after peak load. For the former case, it was assumed that both the Needles and concrete carry
the tensile stresses. The moduli of elasticity of the concrete and FRP were used to calculate the
modular ratio and the tensile stress, 𝑓

carried by the Needles. For this case, the development

length was estimated to be only 4.6 mm before tensile failure, indicating that at least 90% of the
length of each Needle fully contributes to transferring and resisting tensile stresses from the
surrounding concrete. Since the surface of the rebars used in the study is effectively treated (both
helically-wrapped and sand-coated), the development length may be shorter than estimated. The
small development length, the strong bond between the Needles and concrete matrix, and the fact
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that the Needles are stiffer than concrete in tension, thereby confining the lateral expansion of
concrete, all explain the remarkable ability of FRP-Needles to increase the tensile strength of
concrete. This ability makes the Needles distinct from concrete macro fibers, which can typically
cause only a moderate increase in tensile [15].
To estimate the development length after tensile failure, it was assumed that all the tensile stress
in the fractured surface is carried by the Needles. Therefore, to estimate the highest magnitude of
for this case, the average splitting tensile strength of FRP-NDL-10 concrete was multiplied by
the area of the split section (150 mm × 300 mm), to find the tensile force, and then divided by the
total area of FRP-Needles that pass the section. The estimated value of development length after
tensile failure was 256 mm, over 50 times larger than the development length before peak load.
Therefore, after tensile failure, only a portion of the full capacity of the Needles to carry tensile
stress is available. However, the progress of fracture in the specimens after the peak load was
mostly due to the formation and propagation of new cracks rather than Needles slipping out a
This observation suggests that the bond between the Needles and the concrete is sufficiently
strong, that despite the large development length and the low aspect ratio of the Needles the
interface continues to transfer stress between concrete and the Needles. The random orientation
of the rigid FRP-Needles is another possible reason for their resistance to pull-out. Since the vast
majority of the Needles, which are very stiff and highly resistant to bending, are not
perpendicular to the fractured surface, the slippage of the Needles, even if the bond is weak,
would be possible when additional local fractures occur in the concrete zone surrounding the
Needles.
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Table 3.4 Splitting tensile strength (fct) of concrete specimens and their mean values (fctm).
Concrete type

Specimen

fct (MPa)

4
5
6
4
5
6
4
5
6
4
5
6
4
5
6

3.46
3.86
2.93
3.99
4.64
3.90
4.67
3.66
5.32
2.73
3.48
2.95
3.63
3.42
3.20

NA (Control)

FRP-NDL-5

FRP-NDL-10

FRP-RA-5

FRP-RA-10

(b)

(a)

fctm (MPa)
3.42

4.18

4.55

3.06

3.42

(c)

Figure 3.8 Concrete specimens in the testing device after splitting tensile failure. (a) FRP-RA-5,
(b) FRP-NDL-5, and (c) FRP-NDL-10.

(b)
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(a)

(c)

(b)

Figure 3.9 (a) FRP-NDL-5 and (b) FRP-NDL-10 specimens after splitting the tensile strength
test. (c) An FRP-NDL-10 specimen opened up manually after splitting the tensile strength test.

(a)

(b)

(c)

Figure 3.10 Fractured surfaces of concrete specimens without FRP-Needles after splitting tensile
strength test: (a) NA concrete, (b) FRP-RA-5, and (c) FRP-RA-10. The surfaces were sprayed
with water prior to photography so that a higher contrast between the coarse aggregates and
mortar matrix can be observed.

3.5 Conclusion
In the study presented in this chapter, FRP-Needles were introduced, a new type of discrete
elongated concrete reinforcement with unique physical and mechanical properties. The material
characteristics that are most important to designers and concrete practitioners were studied for
FRP-Needle incorporated concrete. The findings show that the FRP-Needles produced and used
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in this phase of the study have significant positive effects on tensile strength and post-failure
toughness of concrete without affecting its workability and stability, and only cause a small
reduction in compressive strength. While the improvements achieved by using FRP-Needles
were not observed when FRP-RA was incorporated in concrete.
Our results argue for the considerable potential of FRP-Needles as concrete reinforcement and
the importance of investigating (1) other material properties, particularly shear strength and
resistance to impact and blast and (2) structural performance of Needle incorporated concrete. In
addition, it is important to perform a theoretical study to determine the geometry and mechanical
properties of FRP-Needles required to optimize the performance of concrete in different
structural applications. These objectives will be the focus of the next chapters.
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The effect fiber orientation within GFRP elements
on the mechanical performance of concrete2

4.1 Introduction
In the previous chapter, I presented a new type of slender discrete FRP reinforce element,
Needles, in concrete and demonstrated that FRP-Needles significantly increase the tensile
strength of concrete at the expense of a slight reduction in compressive strength. However,
different FRP materials vary greatly by the arrangement of the internal fibers to satisfy different
mechanical requirements in different use cases. In both types of discrete FRP reinforce elements
used in the previous chapter, glass fibers were parallel to the axes of the elements. To further
study the effect of fiber orientation of GFRP elements on the mechanical performance of
concrete, Needles produced by recycling wind turbine blade shells, which today consists of
cross-laminated GFRP layers, are investigated in this chapter. Because of cross-lamination, one
can produce wind blade Needles in which the embedded glass fibers can form any angle with the
Needle’s axis. In addition to studying the effect of fiber orientation, what motivated the work

2

The presented work in this Chapter have been published in: "Concrete with discrete

slender elements from mechanically recycled wind turbine blades." Resources, Conservation and
Recycling 128 (2018): 11-21.
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reported in this chapter was the problem of managing the large amount of GFRP waste produced
as a result of the end of life of wind turbine blades.
4.1.1 Motivation of using FRP Needle recycled from wind blade
The use of wind energy has been increasing globally at an accelerating rate. Since 1999 the
production of wind power has grown 30 times and the annual installation of new wind turbines
has grown 10 times in the United States, which is currently the 2nd largest producer of wind
power after China [1]. The rapid growth of the wind energy industry in the last 15 years has led
to a commensurate rapid growth in the amount of wind blade waste that will need to be disposed
of in the near future.
The components of modern wind turbine blades are mostly made of glass fiber reinforced
polymer (GFRP) composite materials. GFRP materials consist of continuous or discrete glass
fibers encased in a matrix of resins that have fiber concentrations typically in the range of 12%–
60% by volume [2] and inorganic fillers typically in the range of zero to 20% by volume. GFRP
materials used in load-bearing members such as wind blades have a high content of continuous
fibers (approximately 50%) and contain very low dosages of fillers if any. The life span of some
of the most widely used load-bearing GFRP products is relatively short. Wind blades are
typically designed for a service life of 20 years [3].
Currently, the vast majority of GFRP waste in the US is landfilled. GFRP materials are nonbiodegradable and landfill disposal of GFRP is already severely restricted in a number of
countries, including Germany and the Netherlands. It is possible that when the currently
produced GFRP materials reach the end-of-life stage landfilling, regulation in the rest of the
world will be stricter. The recently inaugurated U.S. Department of Energy’s Institute for
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Advanced Composite Manufacturing Innovation (IACMI) has the mandate to increase the ability
to recycle composite materials with a goal of 80 percent recyclability within the next decade [4].
The analyses of the data provided by the American Wind Energy Association (AWEA) on the
annual number of in-service wind turbines, up to 2015 show that by 2035 wind blade GFRP
waste will amount to over 700,000 tonnes [5]. Based on the existing growth in wind energy use,
it was also estimated that by the year 2055, the amount of wind blade waste would be over 2.7
million tonnes.
Recycling GFRP is challenging because approximately 75% of GFRP products (including all of
those used in wind blades) are made with thermoset polymers, which do not melt in high
temperatures. A number of methods for recycling FRP waste have been developed involving
chemical and/or thermal processes for reclaiming the fibers, or mechanical processes such as
grinding or shredding GFRP into powder or small fragments for use as fillers in the production
of new materials [6]. In addition, GFRP waste can be incinerated (burnt at high temperature) for
producing energy or reducing the waste volume. Among the above-mentioned processes,
mechanical recycling of GFRP is an attractive option because of its lowest energy consumption
and is free of chemical processes. The energy required for mechanical recycling is between 0.5%
and 5% of that required for chemical recycling and between 0.4% and 16% of the energy used
for thermal recycling (pyrolysis) [7].
A small number of investigators have studied the use of mechanically processed GFRP as a filler
in concrete [6, 8-10] and concrete-polymer composite materials [11]. The problem with
traditional mechanical processing (pulverizing or shredding) is that the recycled products are
mostly separate pieces of damaged fibers and resin particles, which can no longer serve as
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composite materials. When used in concrete, the naked glass fibers become further damaged by
the high alkalinity of concrete, while the resin particles are low in strength and stiffness,
resulting in concrete with significantly lower compressive strength. Cutting GFRP waste into
relatively large pieces that are useable in concrete is an attractive potential recycling option for
two reasons: (1) cutting a piece of solid material into large pieces rather than grinding or
shredding it into powder or small fragments results in generating a smaller surface area and
therefore requires less energy, and (2) cut pieces of GFRP are composite materials (fibers
embedded in resin), rather than damaged fiber fragments and resin particles, with the same
mechanical properties as those of the GFRP before being processed. The significant positive
effect FRP-Needles, which is also a recycled material made from scrap FRP rebars, has on the
tensile strength and the post-peak toughness, as demonstrated in the previous chapter, motivated
this chapter to investigate the impact wind blade FRP-Needles have on the concrete and the
difference between wind blade Needles and FRP rebar Needles.

4.1.2 Needles and their fundamental difference from concrete fibers
The mechanisms by which fibers and Needles functions at the crack interface are fundamentally
different. When FRC carries an increasing external load and a propagating crack intersects a
fiber, high tensile strain develops in the fiber in the zone between the crack surfaces, resulting in
high shear stress in the interface between the fiber and cementitious matrix in the zone close to
the crack. This shear stress may result in debonding, which progresses toward the end of the
fiber, after which the fiber will start to move out of its groove at one side of the crack. As shown
in Figure 4.1 a, in order for an inclined fiber (i.e., a fiber that lie at an angle to the crack surface)
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to slip out, it must bend over crack surfaces. Even fibers made with high-elasticity-modulus
materials, such as steel fibers, bend in plastic mode at crack surface during the crack opening.
In contrast, an efficient Needle is very rigid (i.e., has high flexural stiffness) and has high
strength in both tension and shear. Therefore, the only way for a concrete crack, which is bridged
by such a Needle, to grow in width and is for the concrete encasing the Needle to crumble and/or
spall on at least one side of the crack Figure 4.1 b. Efficient Needles can be produced by
selecting materials with high Young’s modulus and tensile and shear strengths, and by choosing
a large enough Needle cross-section area. Slender elements with large cross-section area (1) have
specific surface areas much lower than those of concrete fibers and therefore, do not reduce the
workability of fresh concrete significantly; (2) when compared to fibers, constitute a much
smaller number of elements per volume; and (3) have high flexural rigidity (EI). Therefore, they
are less likely to agglomerate and can be used in high volumetric dosage [12].

Figure 4.1 (a) Fiber pull-out and bending during the growth of a crack in the concrete. (b) Local
failure and crumbling during the opening of a crack bridged by a Needle.
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4.2 Experimental program
4.2.1 Materials
The Needles used in this study were produced from the shell of a wind turbine blade. Wind blade
shells are very thick – typically, a few inches – in the regions close to the blade root (where the
blade is connected to the rotor) and are fully made of GFRP. The areas of the shell that are
further away from the root are thinner, and in low load-carrying regions consist of low-density
materials such as balsa wood or polymeric foam covered with a very thin layer of glass fiber
fabric and resin (i.e., sandwich construction). For the present study, square pieces of a GFRP
wind blade shell with a thickness of approximately one inch were used (Figure 4.2 a). The pieces
were provided by the Wind Technology Testing Center (WTTC) of the National Renewable
Energy Laboratory (NREL) and were cut off from a wind blade that had been mechanically
tested at the center. The information regarding the properties and the composition of GFRP used
for producing the wind blade were confidential and were not made available to the author. The
pieces were curved along two parallel sides of the square and almost flat in the direction of the
other two sides (Figure 4.2 a).
The wind blade Needles should be cut into a similar geometry as that of FRP-Needles from
GFRP rebars in the previous chapter, to compare the results. For this purpose, each of the square
pieces was first to cut into rectangle pieces with a short side length of 100 mm (Figure 4.2 b).
Due to the geometry of the wind blade shell, the rectangle pieces were slightly curved. The
rectangles were subsequently sliced into flat pieces with a width of 100 mm and a thickness of 6
mm (Figure 4.2 c). Grooves of a depth of 2 mm were cut into the surface of half of the total flat
pieces. Finally, by cutting the flat pieces into slender elements with square cross-sections (side
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length of 6 mm) and length of 100 mm, two types of Needles, namely plain and grooved, were
produced (Figure 4.4). All the above-mentioned processes were performed by using a table saw
with a diamond blade.
a

b

c

Figure 4.2 (a) Square pieces of GFRP shell cut off from a wind blade. In each of these pieces,
two sides are curved (the horizontal sides), and the other two sides are almost flat (b) A
rectangular piece of shell with a width of 100 mm cut off from a square piece along the curved
side. (c) Flat pieces with a thickness of 6 mm and a width of 100 mm cut off from the rectangular
pieces.
a

b

c

Figure 4.3 (a) Plain Needles. (b) Grooved Needles. (c) A bucket of plain Needles used in the
present study for concrete production.
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For concrete production, a mixture of crushed granite and limestone was used as coarse
aggregate. The purchased coarse aggregate was regraded in the laboratory using a large sieve
shaker to achieve the ASTM No. 56 gradation (nominal maximum size of 25 mm) per ASTM
C33 [13]. ASTM graded manufactured (crushed) sand and Type I Portland cement were used in
all concrete mixes.

4.2.2 Concrete production, specimen preparation, and testing
Five types of concrete mixtures were produced: Control concrete without Needles, concretes
with 5% by volume of coarse aggregate replaced with plain and grooved Needles, and concretes
with 10% by volume of coarse aggregate replaced with plain and grooved Needles. Concrete mix
proportions are shown in Table 4.1. In the mixture notation “CTRL” represents control concrete,
and “PLN” and “GRV” represent plain and grooved Needles, respectively. As an example,
“GRV-10” represents the concrete mixture in which 10% of coarse aggregate is replaced with
grooved Needles. The volumetric Needle contents in concrete mixtures with 5% and 10% of
coarse aggregate replaced are 1.76% and 3.52%, respectively.
Table 4.1 Proportions of concrete mixtures
Mixture

CTRL

PLN-5

PLN-10

GRV-5

GRV-10

Cement

444

444

444

444

444

Water

216

216

216

216

216

Sand (SSD)

632

632

632

632

632

NA (SSD)

950

903

855

903

855

Needle

-

34

69

34

69

Needle cont., vol %

-

1.76

3.52

1.76

3.52
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Cylinder and beam specimens were produced to test the hardened concrete for compressive
strength according to ASTM C39 [14], compressive modulus of elasticity according to ASTM
C469 [15], splitting tensile strength according to ASTM C496 [16], and peak (flexural) strength
and energy absorption capacity (toughness), according to ASTM C1609 [17]. The cylinders had
a diameter of 150 mm and a height of 300 mm. The beams were 500 mm long and had a square
section with a side length of 150 mm. Immediately after removing fresh concrete from the mixer,
a slump test was performed per ASTM C143 [18] and the Needle incorporated concretes were
visually monitored for signs of segregation or agglomeration of the Needles.
For each of the five concrete mixtures, two batches of concrete were produced. Not all the
required test specimens were produced in one batch due to the size limitation of the available
mixer. The first batch of each mixture was used to produce eight cylinders. Four of the cylinders
were used for performing compressive modulus of elasticity tests followed by compressive
strength tests, and the other four were used for splitting tensile strength tests. The second batch
was used to produce three beams used for measuring peak strength and toughness. In addition,
one cylinder was cast from the second batch of each Needle-incorporated mixture, to be tested
for compressive strength. The compressive strength of concrete from both batches of each
mixture was compared to identify any potential discrepancies in production.
The orientation of the Needles (similar to that of stiff fibers) near mold surfaces is affected by
the process of molding, leading to non-random alignments. Some standards of testing FRC
beams [17] [19] require that the dimensions of the mold be at least three times the length of
fibers. However, ASTM C1609 allows waiving the “three times fiber length” requirement when
longer fibers are used to permit casting specimens with desired dimensions. The cylinder molds
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selected in this study have the largest dimensions specified by ASTM C39 and the selected
beams molds have the largest dimensions specified by ASTM C1609.
All the specimens were tested on the same date, 28 days after casting. The specimens for the
modulus of elasticity test were removed one day earlier from the environmental chamber, toweldried, kept in the laboratory environment for a few hours to let the surfaces dry. Then each
instrumented with two-wire strain gages mounted circumferentially at diametrically opposite
points at the mid-height of the specimen. The average reading of the two strain gages during the
compression test was used to calculate the modulus of elasticity according to ASTM C469. The
load-displacement responses were recorded during both compressive strengths and splitting
tensile strength tests.
The beam specimens were tested at the facilities of GCP Applied Technology in Cambridge,
MA. Three days before testing, the beams were securely packed, transported from New York to a
laboratory at GCP Applied Technology, and immediately immersed in saturated limewater. The
setup for measuring the toughness of concrete beams consisted of a third point bending test
configuration with a rectangular jig surrounding the specimen and clamped to the beam’s lateral
surfaces at mid-depth directly over the supports, which form a span of 450 mm (Figure 4.4). Two
linear variable differential transformers (LVDT) were mounted on the jig at mid-span at both
sides of the beam to measure deflection and provide feedback to the actuator of a servocontrolled hydraulic testing machine, thereby constituting a closed-loop displacement-controlled
D
bending test setup that can accurately measure displacement after the peak load. Toughness T150

was calculated, according to the ASTM C1609, as the area under the load-deflection curve up to
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the deflection of 3 mm, which is the beam span divided by 150. Equivalent flexural strength ratio

RTD,150 was calculated according to the standards prescribed formula:

RTD,150 

D
150  T150
 100%
fp bd

Equation 4.1

where f p is the peak strength calculated according to f p  PL / bd 2 . P and L are the peak load
and beam span, respectively. b and d are the average width and depth of the beams,
D
D
respectively. D is the nominal depth of the beam. In addition, residual strengths f600 and f150 at

net deflections of L / 600 (0.75 mm) and L / 150 (3.00 mm) were measured. Because the
equivalent flexural strength ratio RTD,150 is the toughness normalized by the peak strength and
dimensions of the beam cross-section, this unitless parameter is useful for comparing the results
of different studies on concrete reinforced with different types of randomly distributed discrete
slender elements performed on beam specimens with different section sizes and peak strength
values.
To observe the orientation of glass fibers in Needles, the resin matrix of a number of the plain
Needles were burnt off following the procedure of ASTM D2584 [20]. During the test, each FRP
specimen was placed in a crucible and was kept in a muffle furnace at 565ᵒC until the polymeric
binder fully burns off and disappears.
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Figure 4.4 Closed-loop bending test setup for measuring concrete flexural strength and
toughness.

4.3 Fresh concrete properties
The slump test results are presented in Table 4.2. The results show that the differences in the
slump values of the mixtures, and of the two batches of each mixture are within the margin of
error. The only slump value that stands out among the results is that of the second batch of
control mixture, which is 35 mm higher than the slump of the first batch. This difference,
although not very significant, is possibly due to a minor mismeasurement during the production
process. The results also show that the slump of GRV-10 mixtures are slightly lower than that of
PLN-10 mixtures (on average 15 mm). The difference is due to the higher surface area and
rougher surface of the grooved Needles.
Table 4.2 Slump test results presented in millimeter
Batch
1
2

CTRL
125
160

PLN-5
115
110

PLN-10
125
110
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GRV-5
115
120

GRV-10
110
95

The insignificant effect of Needles on concrete workability is a remarkably advantageous
characteristic for a discrete reinforcing element, eliminating the necessity of water-reducing
chemical admixtures (superplasticizers) for improved workability. On the contrary, in fiber
reinforced concrete superplasticizers are used to avoid the need to increase the water to the
cementitious material ratio in concrete to improve workability. Only a limited dosage of
superplasticizers can be used in concrete, beyond which setting time and entrapped air content
can increase significantly. Using the allowable dosage to counteract the effect of fibers on
workability is a misuse of superplasticizers; when superplasticizers are used in concrete without
fibers, less cementitious binder (paste) is required to achieve the desired target compressive
strength and workability, and the demand for portland cement can be reduced by 25% [21],
which is a major contribution to the environmental sustainability of concrete.
During mixing, removing concrete from mixers, and casting, it was visually observed that the
incorporation of Needles did not result in any noticeable segregation of concrete or separation of
Needles from the mixtures. The distribution of the Needles in concrete was relatively random
and no agglomeration was observed. This finding was further confirmed by observing the
fractured surfaces of hardened concrete specimens after mechanical testing. The abovementioned observations were similar to those from the previous chapter on Needles made of
GFRP rebars.

4.4 Mechanical Properties of FRP incorporated concrete
Table 4.3 presents the results from measuring the compressive strength and the modulus of
elasticity of concrete. The average compressive strength of specimens from the first batch of
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each Needle-incorporated mixture and the compressive strength of the single-cylinder from the
second batch are very close, indicating that the two batches from each mixture have the same
compositions and properties.
The results show that the incorporation of both plain and grooved Needles in concrete has an
insignificant effect on the compressive strength of concrete. Replacing 5 % and 10% of NA with
plain Needles resulted in 1.5% reduction and 0.1% increase in the compressive strength of
concrete, respectively. Replacing 5% and 10% of NA with grooved Needles resulted in 7.2%
increase and 4.6% reduction in the compressive strength of concrete, respectively. These changes
are within the expected margin of error and do not indicate any beneficial or detrimental impact
of the Needles on compressive strength of concrete. According to the results in the previous
chapter, the incorporation of Needles made from GFRP rebars on the compressive strength of
concrete was small but clearly negative: 5% and 9% reduction due to the replacement of 5% and
10% of coarse aggregate with Needles. This difference is likely caused by the different section
shapes of two types of Needles. As opposed to the wind blade Needles used in the present study,
rebar Needles have a circular section without sharp edges, leading to a weaker bond with
cementitious mortar and poor interlock with coarse aggregates.
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Table 4.3.Results of testing concrete cylinders in compression. fc and E are the compressive
strength and modulus of elasticity of concrete. Subscript m represents the mean values.
Mixture

CTRL

PLN-5

PLN-10

GRV-5

GRV-10

Batchspecimen
1-1
1-2
1-3
1-4
1-1
1-2
1-3
1-4
2-1
1-1
1-2
1-3
1-4
2-1
1-1
1-2
1-3
1-4
2-1
1-1
1-2
1-3
1-4
2-1

fc

, MPa

36.1
36.7
36.3
35.0
33.2
36.0
36.0
36.8
34.3
35.6
35.1
35.5
38.1
35.6
38.8
38.9
37.5
39.2
37.2
34.2
34.6
35.2
33.6
34.7

f cm

, MPa

Change in
f cm
,%

36.0

-

35.5

-1.5

34.3

-

36.1

0.1

35.6

-

38.6

7.2

37.2

-

34.4

-4.6

34.7

-

E , GPa

24.7
27.4
23.1
28.4
29.2
28.0
27.5
31.8
29.2
26.8
27.6
26.0
26.6
26.9
31.6
25.4
22.6
23.6
29.1
23.5
-

Em

, GPa

Change in
Em
,%

25.9

-

29.1

12.5

-

-

27.4

5.8

-

-

27.6

6.3

-

-

24.7

-4.7

-

-

The test results suggest that the use of Needles, except in the GRV-10 specimens, lead to a small
increase in the modulus of elasticity of concrete. The moduli of elasticity of PLN-5, PLN-10 and
GRV-5 specimens were 12.5%, 5.8% and 6.3% higher than that of control specimens. The
average modulus of elasticity of GRV-10 specimens was 4.7% lower than that of control
specimens. The small impact on modulus of elasticity can be contributed to the low volumetric
dosage of Needles in concrete (1.76% or 3.52%).
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4.4.1 Mechanical performance of concrete in tension
Test results shown in Table 4.4 indicate that the incorporation of Needles in concrete negatively
impacts the splitting tensile strength. The splitting tensile strength of PLN-5, GRV-5, and GRV10 specimens were 14%, 13%, and 8% lower than that of the control concrete. The control and
PLN-10 specimens had the same average splitting tensile strength. These results are in complete
contrast with those from investigating GFRP rebar Needles, which significantly increased the
splitting tensile strength of concrete (22% and 33%, for replacing 5% and 10% of NA with
Needles, respectively). These findings led to the hypothesis that the tensile strength of wind
blade Needles is less than that of rebar Needles. The hypothesis was examined by performing the
ASTM D2584 burn-off test on over 10 randomly selected plain Needles.
The results of the burn-off test revealed that in most of the Needles, glass fibers are aligned
transversely – i.e., perpendicular to the Needle axis (Figure 4.5 a). Only in a few of the Needles
most of the glass fibers were alighted longitudinally – i.e. parallel to the Needle axis (Figure 4.5
b). The tensile strength of FRP material with fiber in the transverse direction can be as low as
one-third of that of the FRP material with fiber in a longitudinal direction [22]. In the GFRP
rebar Needles studied in the previous chapter, all the glass fibers are aligned parallel to the axis
of the Needles (Figure 4.5 c). The direction of fibers in different zones of a wind blade shell is
determined by wind turbine designers based on the requirement of structural performance and
design of the wind blade. The knowledge of the blade design and primary direction of fibers in
different zones of blade shell can help to select cutting directions that lead to higher numbers of
Needles with longitudinally-aligned fibers.
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Table 4.4.Results of splitting tensile strength test.
Mixture

CTRL

PLN-5

PLN-10

GRV-5

GRV-10

Batch-specimen
1-5
1-6
1-7
1-8
1-5
1-6
1-7
1-8
1-5
1-6
1-7
1-8
1-5
1-6
1-7
1-8
1-5
1-6
1-7
1-8

f ct

, MPa

2.65
3.68
3.46
3.58
2.98
3.03
2.77
2.77
3.10
3.76
3.12
3.43
2.93
2.67
3.10
2.94
3.12
3.31
3.03
2.90

fctm

, MPa

Change in fctm , %

3.35

-

2.89

-14

3.35

0

2.91

-13

3.09

-8

Figure 4.5 Three burnt-off Needles. (a) A wind blade Needle with transversely aligned fibers. (b)
A wind blade Needle with longitudinally aligned fibers. (c) A GFRP rebar Needle. All the fibers
are precisely along the Needle axis.
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The load-displacement results from splitting tensile strength tests are presented in Figure 4.6.
The curves were horizontally shifted to account for the initial flexibility of the wooden strips
used at the zones of contact between the specimens and testing fixtures. In control specimens, the
load dropped abruptly after reaching the peak value (Figure 4.6). Two of the PLN-5 specimens,
and all of the PLN-10 specimens, continued to carry load with deflections beyond 6 mm after the
peak load (Figure 4.6 a). The energy absorption performance of the specimens with grooved
Needles was inferior to that of the specimens with plain Needles. Figure 4.6 b shows that none of
the GRV-5 specimens resisted any significant deflection after the peak load. Only one of the
GRV-10 specimens continued to carry load beyond the deflection of 6mm. The better
performance of plain Needles can be possibly explained by their higher cross-sectional area.
Because the grooves are cut into the surface, the net effective cross-section of the grooved
Needles are approximately 33% smaller than that of a non-grooved Needle. Although grooves
help to improve the mechanical bond between the Needles and concrete matrix, they generate
several weak zones along the axis of the Needles.
300

300
CTRL
PLN-5
PLN-10

200

CTRL
GRV-5
GRV-10

250

Load, kN

Load, kN

250

150
100

200
150
100
50

50

0

0
0

2
4
Displacement, mm

6

0

2
4
Displacement, mm

6

Figure 4.6 Load-displacement results from splitting tensile strength testing of concrete specimens
with (a) plain and (b) grooved Needles, compared with the results of control specimens.
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A control cylinder specimen split into two separate pieces after the completion of the splitting
tensile strength test as expected (Figure 4.7). As shown in Figure 4.8 to Figure 4.11, despite the
formation of cracks, none of the Needle-incorporated specimens disintegrated into separate
pieces. Figure 4.8 shows that all the GRV-5 specimens failed due to the formation and growth of
one crack. In the contrary, the majority of the rest of the specimens (GRV-10, PLN-5, and PLN10) failed due to the formation of more than one crack as shown in Figure 4.9 to Figure 4.11,
indicating a more uniform distribution of stress in concrete. It also can be observed that the
lateral expansion (opening) of these specimens, particularly PLN-5 (Figure 4.10) and PLN10(Figure 4.11) are higher than those of GRV-5 specimens, which are also confirmed by the
load-displacement results presented in Figure 4.6.

Figure 4.7 A control specimen tested for splitting tensile strength after failure.
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Figure 4.8 GRV-5 specimens tested for splitting tensile strength after failure.

Figure 4.9 GRV-10 specimens tested for splitting tensile strength after failure.

Figure 4.10 PLN-5 specimens tested for splitting tensile strength after failure.

Figure 4.11 PLN-10 specimens tested for splitting tensile strength after failure.
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4.4.2 Flexural performance of concrete specimens
The results of the third-point bending test on the beam specimens are presented in Table 4.5.
During testing three of the specimens (two PLN-5 beams and a GRV-5 beam) the servocontrolled hydraulic testing machine stopped abruptly due to a technical problem. Therefore, test
results for those specimens are not reported. However, the available results are sufficient to make
conclusive assessments of the effect of the Needles on the flexural performance of concrete.
The incorporation of Needles in concrete led to small reductions in the peak strength

fP . The

average peak strength decreased from 5 MPa in control specimens to 4.5 MPa in PLN-5
specimens (11% reduction), 4.6 MPa in PLN-10 specimens (9% reduction), and 4.7 MPa in
GRV-10 specimens (6% reduction). The average peak strength of GRV-5 specimens was 5.0
MPa (no reduction). The above-mentioned reductions, although slightly less, resemble those
from the splitting tensile strength test and similarly can be attributed to the direction of fibers in
the Needles. Figure 4.12 shows the fractured surface of a GRV-10 specimen. A small force was
required to open the crack that led to failure. Several fractured Needles were observed at the
crack surface level. Magnified images of those fractured Needles are shown in Figure 4.12. It is
clear that fibers are transversely aligned in the fractured Needles.

62

Table 4.5.Results of testing the flexural performance of concrete beams.
f 610500

and

f 115500

fp

is the peak strength,

are the residual strength values at net deflections of L / 600 and L /150 (0.75 mm,

150
and 3.00 mm), respectively. T115500 is the toughness, and RT ,150 represents the equivalent flexural
strength ratio. Subscript m represents the mean values.

Mixture

CTRL

PLN-5

PLN-10

GRV-5

GRV-10

Batchspecimen
2-2
2-3
2-4
2-2
2-3
2-4
2-2
2-3
2-4
2-2
2-3
2-4
2-2
2-3
2-4

fp

(MPa)
5.1
4.8
5.2
4.5
4.7
4.0
5.1
4.9
5.2
4.7
4.5
5.0

f

pm

(MPa)
5.0

4.5

4.6

5.0

4.7

f 610500

f115500

T115500

150
T150
m

(MPa)
0.0
0.0
0.0
1.0
2.2
1.2
1.6
0.6
0.8
0.8
1.6
1.7

(MPa)
0.0
0.0
0.0
0.0
1.1
0.6
0.5
0.1
0.2
0.2
0.4
1.0

(J)
1.3
1.0
1.4
14.1
47.0
24.7
28.3
11.5
17.1
16.0
26.9
36.0

(J)
1.2

14.1

33.3

14.3

26.3

RT150
,150
1.2
1.0
1.2
14.0
44.6
27.6
24.7
10.4
14.7
15.2
26.8
32.0

RT150
,150m
1.1

14.0

32.3

12.6

24.7

Figure 4.12 Fractured surface of a GRV-10 specimen. A number of the Needles have been failed
in tension. The magnified views of the failed Needles show that fibers are transversely aligned.
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The results presented in Table 4.6 show that replacing 5% and 10% of coarse aggregate by
150
volume with the plain Needles led to the increase of average equivalent flexural strength RT ,150 m

from 1.1 to 14.0 and 32.3, respectively. When grooved Needles were used the average equivalent
flexural strength for 5% and 10% replacements were 12.6 and 24.7, respectively. Table 4.6
presents selected results from a number of past studies on FRC, with values of equivalent
D
flexural strength, RT ,150 for different values of D similar to that of PLN-10 specimens in the

present study. PLN-10 results were selected as benchmark for comparison since they had the
D
highest toughness values. The results presented in Table 4.6 shows that RT ,150 values similar to

that of PLN-10 specimens have been achieved by using (1) steel fibers with volumetric dosages
in the range of 0.2%-1.0%, (2) glass fibers with volumetric dosages in the range of 1.0%-2.0%,
and (3) polymeric fibers with volumetric dosages in the range of 0.4%-0.5%. Although these
dosages are smaller than the 3.52% Needle content in NDL-10 concrete, the reported increases in
toughness caused by using Needles are significant, considering that in most of the Needles fibers
are transversely-aligned. It is expected that if the wind blade shell was cut along the fibers so that
the fibers in all the Needles were longitudinally-aligned, the flexural resistance of the beam
specimens would be notably higher.
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Table 4.6.Results of a number of past investigations on FRC specimens with equivalent flexural
strength values similar to that of PLN-10 specimens in the present study. T f and E f are the
tensile strength and modulus of elasticity of fibers, respectively.

Lf

and

Df

are the length and

nominal diameter of fibers, respectively. D is the beam depth and is equal to the beam width.
Fiber
material

Ref.

Fiber
shape

Ef

Lf

Lf / Df

MPa GPa mm Surface640 10 48 67
embossed
Surface
550 7
50 75
deformed

Modified
Olefin
Poly
propylene

(LaHucik
et al.,
2017) [23] Steel

Content D

fc

fp

T 1 D5 0

RTD,150

Vol%

mm MPa MPa J

%

0.4%

150 57

4.4

36.5 33

0.4%

150 48

4.0

30.0 29

Hooked

1,500 207 60

55

0.2%

150 50

5.1

47.0 37

Helical

1,700 207 25

50

0.4%

150 41

4.2

31.0 29

Hooked

1,100 200 60

80

0.5%

100 32

3.3

6.8

31

Hooked

1,100 200 60

80

0.8%

100 31

3.8

8.2

32

PVA

Straight

1,600 39

222

0.5%

102 59

6.1

8.6

36

Steel

Hooked

2,500 200 13

65

0.5%

100 64

4.4

10.0 34

Glass

Straight

2,000 76

13

722

2.0%

50

50

7.1

1.7

29

Glass

Straight

2,000 76

19

1,056

1.0%

50

51

4.1

1.2

34

Steel

Crimped 1,100 200 38

33

2.0%

100 85

8.2

17.1 31

Steel

Hooked

60

0.7%

100 49

5.0

16.7 30

High C
Steel
(Bashar et Steel
al., 2016)
Steel
[24]
(Liu et al.,
2016) [25]
(Iqbal et
al., 2015)
[26]
(Tassew
and
Lubell,
2014) [27]
(Lin et al.,
2014) [28]
(Won et
al., 2012)
[29]

Tf

Steel

Hooked

6

1,100 200 30
1,100 200 30

60

1.0%

100 49

5.6

21.7 34

Figure 4.13 shows the result curves of testing the Needle-incorporated concrete beams. Control
beam specimens had no residual strength after failure. Therefore, the results of the control beam
specimens are not shown in the Figure 4.13. For each type of Needle (plain or grooved), the 10%
replacement of NA with Needles resulted to a higher residual strength, compared to 5%
replacement. This finding can be confirmed quantitatively by the values of average residual
strengths

f 610500m

and

f 1 15 50 0m

measured at deflections of L / 600 and L / 150 (Table 4.6). In PLN-5
65

and PLN-10 specimens the values of

f 610500m

are 1.0 MPa and 1.7 MPa, respectively, and the

values of

f 1 15 50 0m

are 0.0 MPa and 0.7 MPa, respectively. In GRV-5 and GRV-10 specimens the

values of

f 610500m

are 0.7 MPa and 1.4 MPa, respectively, and the values of

f 1 15 50 0m

are 0.2 MPa and

0.5 MPa, respectively. In addition, the results show that for 10% Needle replacement ratio the
residual strength (and therefore toughness) of specimens with plain Needles is higher than that of
specimens with grooved Needles.
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Figure 4.13 Load-displacement results from third point bending tests of concrete specimens with
(a) plain and (b) grooved Needles.

Figure 4.14 shows a plain Needle at the bottom (maximum tension zone) of a PLN-5 beam
specimen after the completion of the bending test. The Needle is bridging the crack that led to
the beam failure. The image clearly demonstrates that the concrete matrix surrounding the crackbridging Needle crumbles and spalls when the crack grows. The Needle shown in Figure 4.14
did not break in tension, because a relatively short segment of the Needle was at one side of the
crack and pulled out from the surrounding matrix. If the Needle was intersected by the crack near
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its mid-length, it would very likely break during loading as did the Needles shown in Figure
4.14, provided the fibers are transversely-aligned.

Figure 4.14 A Needle in a PLN-5 beam specimen bridging a crack that has grown in width. The
concrete surrounding the Needle has crumbled and spalled.

4.5 Conclusion
The findings of the present study confirms the hypothesis that the orientation of glass fibers in
slender elements plays an important role in the reinforcing performance of the elements, and that
it is highly preferable that all the fibers in a slender element are aligned with its axis.
Nevertheless, the study shows that, although the incorporation of the Needles with non-aligned
fibers produced by cutting a GFRP wind turbine blade shell did not have a notable effect on
compressive, tensile, and flexural strength of concrete, the Needles increased the toughness of
concrete significantly despite the fact that fibers were transversely aligned in the Needles. If the
wind blade shells can be cut into Needles that primarily constitute longitudinally-aligned fibers,
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it is expected that the improvement in toughness will be more significant and that the tensile
strength of concrete will increase. Prior knowledge of wind blade design or results from
performing burn-off tests on samples taken from shells can help to optimize the cutting
directions during Needle production. A similar study needs to be performed on wind blade
Needles with longitudinally aligned fibers. In addition, the properties of Needles produced from
different types of wind blades should be investigated.
Although in GFRP Needles the glass fibers are embedded in and protected by resin, a
comprehensive study on durability and long-term performance of concrete incorporating GFRP
Needles should be performed. The Needle dimensions in the present chapter were selected based
on concrete specimen size limitations and also for the purpose of comparison with a previous
chapter on Needles with similar dimensions. A fundamental study needs to be performed to
develop models that can determine the optimized dimensions of the Needles based on the
properties of the Needle material and the structural application of Needles in concrete.
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Effect of the Size of Discrete Slender Discrete
Reinforcing Elements on the Mechanical Performance of
Reinforced Concrete Members3

5.1 Introduction
The previous two chapters investigated the effects of two important characteristics of stiff,
slender elements on the mechanical performance of concrete: aspect ratio and orientation of glass
fibers with respect to the elements’ axes. The focus of the present study is the size of the
reinforcing elements that have similar aspect ratios, and how the size affects the performance of
concretes reinforced with the elements. In addition, this phase of the study investigates the effect
of reinforcing elements on the mechanical performance of reinforced concrete beams. Since
slender elements are very stiff and therefore have high resistance to shear bending, they are
expected to effectively resist the formation and growth of shear cracks in concrete. Based on this
rationale, it was decided to design an experiment for investigating the effect of stiff slender
elements on the shear load-carrying capacity of concrete beams reinforced with continuous steel
rebars and incorporation of those elements.

3

The presented work in this chapter have been published in: "Shear performance of

reinforced concrete beams incorporating stiff slender elements." Construction and Building
Materials 222 (2019): 263-277.
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5.1.1 Background on shear capacity of reinforced concrete beams incorporating fibers
Longitudinal rebars reinforce the concrete beams against bending and tensile stresses caused by
the externally applied transverse loads and couples. Concrete beams are also prone to shear
failure when the internal shear stresses exceed the shear capacity of concrete [1]. Procedures for
designing reinforced concrete beams in standard code ensure that bending (flexural) failure of
reinforced concrete beams occurs after the gradual development of a significant deflection
caused by yielding of the longitudinal steel rebars [2]. In contrast, shear failure of concrete
beams is inherently abrupt and can be catastrophic. Therefore, concrete beams are typically
designed to be sufficiently strong in shear so that excessive externally applied loads result in
flexural failure and not in shear failure. Nevertheless, shear failure of beams in reinforced
concrete structures can occur due to poor design or wrong construction practices. The traditional
approach for increasing the shear capacity of concrete beams is to use parallel steel stirrups that
are placed perpendicular to the beam axis.
In addition to increasing the shear capacity of concrete beams, shear reinforcement, whether steel
stirrups or fibers, can reduce the extent of the drop in load-carrying capacity of beams after shear
failure, thereby increasing the overall residual strength and toughness of the beams. Shear failure
of a beam is concurrent with a sudden growth in the width of a diagonal crack in the concrete. If
during failure steel stirrups bridge that cracks, the stirrups may yield. The strength of rebars
during yielding is typically similar or even higher than that before yielding [1] and therefore, the
yielding stirrups in the failed beam prevent the sudden drop of load capacity. If the shear crack is
bridged by fibers, some of those fibers are pulled out of their grooves [6]. The resulting friction
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between the fibers and surrounding concrete absorbs energy and hence decelerates the decrease
in the load carrying capacity of the beam. Furthermore, when a reinforced concrete beam
undergoes an increasing imposed deflection, stirrups/fibers impede or even stop the growth of
some of the shear cracks, including the crack that leads to shear failure), which results in the
formation of new shear cracks; an energy-consuming process that decelerates the drop in load
capacity and causes a less brittle behavior. What can be concluded from the discussions above is
that desirable shear reinforcing systems not only increase the shear capacity of reinforced
concrete beams but also enhance their post-peak load-carrying performance if they fail in shear.
The use of different types of fibers in concrete as supplementary or alternative shear
reinforcement has been researched extensively for decades. Summarizing or even referring to all
the past studies on the effect of fibers on the shear capacity of concrete beams is challenging and
beyond the scope of the present work. A number of pioneering studies are discussed in [3-5].
Fibers are added to concrete during mixing, and therefore using fibers have the advantage of
reducing or avoiding the labor-intensive task of placing stirrups in beam molds before casting
concrete.
5.1.2 Further discussion on the functional mechanisms of fibers and Needles
Similar to fibers, Needles are slender elements that are added to fresh concrete during mixing.
From the previous chapters, the unique mechanism by which Needles functions in FRC becomes
increasingly clear. An abstract “ideal Needle” is infinitely stiff and strong: it does not bend,
elongate or break. Such an element fully prevents the growth of the inclined cracks that it
intersects (cracks that are not perpendicular to the fiber), regardless of the bond strength between
the Needle and concrete, until the surrounding concrete matrix crushes or crumbles due to the
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increased stresses in the Needle-concrete interface. From a theoretical standpoint, because bond
does not affect the performance of ideal Needles, they do not need to have high aspect ratios to
effectively bridge intersecting cracks [8]. However, ideal Needles cannot exist, as all solid
materials are deformable and have stress carrying capacities. A practical Needle can be defined
as a very stiff slender concrete reinforcing element that does not break or deform plastically
when intersected by growing inclined cracks. In addition, an inclined Needle is not noticeably
pulled out when the crack it intersects grows in width; the sufficiently high stiffness of the
Needle prevents it from bending over the crack surface, and therefore prevents transferring the
shear stress within the Needles in the zones exposed to the crack into tensile stress in the zones
embedded by concrete matrix.
As mentioned earlier, the mechanisms by which fibers prevent the cracks from growing in width
are different. Even when made of materials with high Young’s modulus such as steel, inclined
fibers bend at the surfaces of the cracks they intersect. As a result, the embedded portion of the
fibers carries only tensile stress. An effective fiber is, therefore one that (i) maintain a strong
bond with concrete matrix and (ii) after debonding and during pull-out absorbs significant energy
caused by friction and continuous bending. In addition, effective fibers are sufficiently strong in
tension so that a significant portion of the fibers pull out, rather than break, while the cracks they
intersect grow in width. Commercial fibers have large aspect ratios (typically above 40), and
therefore high specific surface areas, in order to achieve high interface bond and friction. These
high aspect ratios can lead to important practical problems such as poor distribution and
agglomeration of fibers in concrete, limiting the amount of fiber that can be mixed with fresh
concrete.
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All discrete slender reinforcing elements are within a spectrum with flexible and low strength
elements at one end and ideal Needles at the other. Figure 5.1 shows schematically where
Needles and fibers are in this spectrum. Establishing a quantitative boundary between Needles
and fibers is prone to subjectivity and is not attempted in this work. Theoretically, Needles can
have the same geometries as commercial fibers used in concrete as long as they are stiff and
strong enough to meet the aforementioned criteria. However, it is unlikely for practical elements
with small section area to be stiff and strong enough in flexure and transverse shear to be
categorized as Needles and resist bending at the surface of the cracks that they intersect, even if
the elements are made of materials with high Young’s Modulus. Stiffness of a prismatic member
has a linear correlation with both Young’s modulus of the material the member is made of, and
the moment of inertia about the bending neutral axis of the member’s cross-section [9].
Therefore, increasing an element’s cross-sectional areas results in a higher stiffness.

Figure 5.1 A schematic presentation of the difference between Needles and the commercial
fibers used in concrete, in terms of bending stiffness and strength. Here, “strength” is loosely
referred to as the ability of the slender element to resist tensile and bending failure.

In chapter 3, glass fiber reinforced polymer (GFRP) rebars with the nominal diameter of 6mm
were cut into elements with a length of 100 mm [7]. The moment of inertia of those elements is
many times larger than those of the commercial fibers used in concrete. The GFRP rebars have a
relatively high tensile Young’s modulus of 46 GPa, and their tensile strength is more than twice
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as those of the steel rebars used in concrete. The cut GFRP rebars were used in concrete with
different dosages to produce 30 concrete cylinders. Observation of the fractured surfaces of
concrete specimens revealed that none of the GFRP elements were broken, plastically deformed
or pulled out. Therefore, the elements were classified as Needles. Using the GFRP Needles with
the volumetric dosage of 3.5% increased the splitting tensile strength of concrete by 33%, and
led to significant post-peak load-carrying capacities. In chapter 4, slender elements with 6 mm by
6 mm square cross-sections and length of 100 mm were produced by cutting GFRP wind turbine
blade shells [8]. In contrast with the GFRP Needles in which the glass fibers are parallel to the
Needle’s axis, in the wind blade elements, the majority of the fibers were perpendicular to the
element’s axis. Therefore, the tensile strength, shear strength, and tensile Young’s Modulus of
the wind blade elements are significantly lower than those of the GFRP Needles. Although the
wind blade elements enhanced the post-peak load capacity and the overall toughness of concrete,
many of the elements broke when intersected by cracks. Therefore, those elements are essentially
large low-stiffness low-strength fibers and cannot be classified as Needles. Hereafter, the
elements are referred to as “wind blade fibers.”
5.1.3 Motivation and scope of the present study
Due to their mechanical characteristics and large cross-sections, Needles are expected to have
high resistance to shear stresses. When shear cracks in concrete grow, the crack surfaces move
parallel to each other, thereby imposing shear stresses to the element (inclined or perpendicular)
that bridge the crack. The present study is motivated by the hypothesis that discrete slender
elements with high shear resistance can effectively enhance the shear capacity and performance
of reinforced concrete beams. Both proving and falsifying this hypothesis are challenging tasks
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and require extensive parametric experimentation in parallel with theoretical simulations. The
present work is an exploratory, experimental study aiming to gain a basic understanding of how
effective Needles can be as shear reinforcement in concrete. In the experimental program,
different concrete mixtures were produced with Needles and fibers. Concrete beams
longitudinally reinforced with steel rebars, which were designed to fail in shear, as well as beams
without steel reinforcement, were produced and tested in bending. Cylindrical specimens were
also produced and tested to measure compressive and splitting tensile strengths. In total, 32
longitudinally reinforced concrete beams, 32 unreinforced beams and 64 cylinders were
produced and tested.
The present study has the following limitations: (1) the size of the specimens were small relative
to the length of the largest Needles used in concrete. Several standards specify maximum
allowable fiber length with respect to the dimensions of concrete molds [10, 11]. This is known
to affect the distribution and alignment of the Needles in the specimens, and therefore, the
mechanical performance of the specimens, (2) for each type of slender element only two
different mixtures of concrete with different contents of the element were produced (for one of
the elements only one type of concrete mixture was produced). Therefore, although the dosages
were selected based on the past experience of the author, the results do not represent the behavior
of concrete for a wide range of Needle/fiber contents, (3) a limited variety of geometric features
of slender elements were selected for experimentation.
Without any experimental precedents indicating the effectiveness of Needles as shear
reinforcement or as a guide for selecting the most promising Needle and mixture combination, it
is unwise to conduct full scale and extensive experiments on all possible Needle-mixture
78

combination, which could be prohibitively expensive both in terms of time and finance. The
abovementioned limitations were accepted with the acknowledgment that the present work is
exploratory, and the result of which can be used as guidance in the future studies to select the
combinations of variables with higher potential for effectiveness as shear reinforcement in largesize or full-size reinforced beam specimens.
The results of the present work will be in the next chapter to create a numerical model, which
can be further calibrated by new results, for predicting the response of Needle-incorporated
concrete to different types of loading. The scope of the study is limited to investigating GFRP
slender elements, although steel fiber reinforced concrete specimens were produced to serve as a
benchmark. GFRP has been used to produce continuous rebars for reinforcing concrete. GFRP
rebars are mostly used in highly corrosive environments, such as in humid coastal environments
or cold regions where deicing salts are applied on the surface of concrete pavements [12]. The
attractive mechanical properties and durability of GFRP composites motivated investigating the
shear performance of concrete reinforced with GFRP slender elements.

5.2 Experimental program
5.2.1 Materials
Four types of slender elements were used in the present study: (1) cut pultruded GFRP rebars
(GFRP Needles), (2) cut pieces of a wind turbine blade (wind blade fibers), (3) pultruded GFRP
fibers, and (4) hooked-end steel fibers. Figure 5.2 Figure 5.3shows a picture of these elements.
Some of the known or estimated characteristics of these elements are presented in Table 5.1. The
GFRP Needles are relatively large (a diameter of 6 mm and a length of 100 mm) and were
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produced as described in the previous work of the author [7]. The wind blade fibers were similar
in size to the Needles and had a length of 100 mm and a square cross-section with a side length
of 6 mm. They were produced by cutting the GFRP shell of a wind blade using a table saw, as
described in chapter 4 [8]. The pultruded GFRP fibers were produced by Sireg Geotech
Company and are commercialized under the label Glasspree Fibra 40. They have a length of 40
mm and a round cross-section with an equivalent diameter of 1.5 mm (Aspect ratio is 27). The
results of the present study shows that these elements are indeed in the category of fibers. The
hooked-end steel fibers used in the study were produced by Bekaert Company with the
commercial label Dramix 3D 65/60 BG. The fibers have a length of 60 mm and a circular crosssection with a diameter of 0.9 mm.

Figure 5.2 The slender elements used in concrete in the present study. From top to bottom: A
pultruded GFRP fiber, a hooked-end steel fiber, a wind blade fiber, and a GFRP Needle.
The GFRP Needles and GFRP fibers were produced with similar components (Table 5.1) using
the pultrusion method [13]. As a result, embedded glass fibers are continuous and parallel to the
axis of the elements. In addition, they both have relatively low aspect ratios; 17 and 27 for the
Needles and fibers, respectively. The major difference lies in the dimensions of the two elements
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(the cross-section area of a GFRP Needle is 16 time larger than that of a GFRP fiber). Therefore,
comparing the mechanical performances of concretes incorporating the same dosage of these two
elements constitutes a controlled parametric study with the geometry of the elements as the only
variable. Since there is a direct correlation between the toughness of concrete and shear strength
of reinforced concrete beams [14], and because the result from the previous chapter indicates that
wind blade fibers enhance the toughness of concrete notably, the effect of these elements on the
shear capacity of reinforced concrete beams were investigated in the present study. In addition,
investigating wind blade fibers in the present study was incentivized by the fact that wind blade
waste is mostly landfilled or incinerated [16], and finding feasible solutions for recycling the
waste is desirable. Steel fibers with the geometries and properties the same or similar to those of
the steel fibers investigated in the present study are widely used in construction industry.
Therefore, the performance of concrete incorporating a typical dosage of steel fibers provides a
basis to evaluate the performance of concretes with the aforementioned three GFRP slender
elements.
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Table 5.1 Specifications of the slender elements used in the present study. The data was provided
by the manufacturers or the organizations that supplied the materials. The transverse shear
strength of steel fibers was calculated using von Mises model [15]
Element

GFRP Needle

Material

Pultruded GFRP

Length, mm
Section shape
Section side length, mm
Section eqv. diameter, mm
Section area, mm2
Aspect ratio
Tensile strength, MPa
Tensile Young's modulus, GPa
Transverse shear strength, MPa
Glass fiber content by weight, %
Glass fiber type
Matrix material

100
Circle
6.0
28.3
17
1,025
46
150
70
ECR glass
Vinyl ester resin

Wind blade fiber
Resin infused
GFRP
100
Square
6.0
6.8
36.0
15
34 - 1,150
8 - 41
73
E glass
Epoxy resin

GFRP fiber

Steel fiber

Pultruded GFRP

Steel

40
Ellipse
1.5
1.8
27
700
30
> 131
> 70
E glass
Vinyl ester resin

60
Ellipse
0.9
0.6
65
1,160
200
715
-

Note: The data for the shear strength of wind blade fibers was unavailable.

For concrete production a mixture of crushed granite and limestone was used as coarse
aggregate. The purchased coarse aggregate was regraded in the laboratory using a large sieve
shaker to achieve the ASTM No. 6 gradation (nominal maximum size of 19 mm) (ASTM C33,
2013). ASTM graded manufactured (crushed) sand and Type I portland cement were used in all
concrete mixtures.
5.2.2 Concrete mixtures
The mixture proportions of the concrete investigated in this study are presented in Table 5.2.
Control concrete mixtures were proportioned to achieve a target average compressive strength
of 35 MPa and a slump of 160 mm. Concrete with similar specifications are commonly used in
the construction industry for structural applications. As in the previous chapters, GFRP Needles,
GFRP fibers, and wind blade fibers were added to concrete mixtures to partially replace coarse
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aggregate volumetrically by either 5% or 10%, without changing the proportions of the other
constituents of concrete. These replacement ratios correspond respectively to concrete mixtures
with 1.76% and 3.52% volumetric contents of the slender elements. For steel fibers, the
traditional approach of replacing a volumetric portion of concrete with the fibers was adopted.
In the present study, the volumetric dosage of 0.5% was selected. Steel fibers are added to castin-place concrete with volumetric dosages ranging from 0.25% to 1.5% [17]. The 0.5%
volumetric ratio is in particular common since with this dosage the fibers are unlikely to
agglomerate, and their distribution is relatively random.
Table 5.2 Concrete mixtures proportions presented in kilogram per cubic meter of concrete. The
abbreviations GN, GF, WF, and SF represent GFRP Needle, GFRP fiber, wind blade fiber, and
steel fiber, respectively.
GF-5

GF-10

WF-5

444
216
632
903
34
1.76

GN10
444
216
632
855
69
3.52

444
216
632
903
31
1.76

444
216
632
855
64
3.52

3.9

7.9

193.8

388.0

Mixture

CTRL

GN-5

Cement
Water
Sand
Coarse aggregate
GFRP Needle
GFRP fiber
Wind blade fiber
Steel fiber
Vol. content, %
No. of elements,
1000/m3

444
216
632
950
-

444
216
632
903
34
1.76

WF10
444
216
632
855
69
3.52

442
215
629
945
39
0.50

5.9

11.9

125.1

SF

5.2.3 Specimens and testing
For each mixture, three batches of concrete were produced. The batches were used separately to
produce (i) 8 cylinder specimens with a diameter of 150 mm and a length of 300 mm, (ii) 4
beams without longitudinal reinforcement, with a 150 mm by 150 mm square cross-section and a
length of 500 mm (span of 450 mm), and (iii) 4 longitudinally reinforced beams with a width of
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100 mm, a height of 150 mm, and a length of 914 mm (span of 813 mm). For each mixture,
approximately 0.19 m3 (6.8 ft3) of concrete was produced (accounting for the extra concrete
needed to offset any potential loss). Ideally, one large batch should be produced for each
mixture, which is sufficient for casting all the specimens. However, this was not feasible as the
actual capacity of the laboratory drum mixer available to the author is approximately 0.08 m3
(2.8 ft3). The three batches for each mixture were cast successively in one day. A stringent
control procedure was followed to ensure that the batches were made in the same condition and
with the same material proportions.
The slump of each mixture was measured according to ASTM C143 [18] immediately after the
completion of mixing. After casting, the molds were covered with plastic caps or sheets to
prevent evaporation of water from concrete surfaces. All the specimens were demolded 24 hours
after casting and placed in an environmental chamber with RH of 98% at room temperature. The
specimens were removed from the chamber and tested 28 days after casting.
5.2.4 Specimens for measuring properties of hardened concrete
The cylinders were cast and cured as specified by ASTM C192 [19] and were tested in equal
shares according to ASTM C39 [20] and ASTM C496 [21] to measure the compressive strength
and to split tensile strength of concrete, respectively. The beams without longitudinal
reinforcement were produced as specified by ASTM C1609 [10] and were tested using a servocontrolled hydraulic testing machine (Figure 5.3) according to this standard to measure the first
peak strength (modulus of rupture) and the toughness of concrete. The test setup consisted of a
third point (four-point) bending configuration with a rectangular jig surrounding the specimen
and clamped to the beam’s lateral surfaces at mid-depth directly over the supports, which form a
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span of 450 mm. Two linear variable differential transformers (LVDT) were mounted on the jig
at mid-span at both sides of the beam to measure deflection through contact with brackets
attached to the specimen. The rate of increase in deflection was set to be 0.10 mm/min up to the
deflection of 0.5 mm and 0.30 mm/min thereafter.

Figure 5.3 Test configuration for measuring the first peak strength and toughness of concrete.
Due to the limitations of the testing instruments available to the author using a closed loop setup
for testing the beams was not possible, and as a result, the load carrying capacity of the beams
immediately after the peak load could not be captured accurately. Therefore, the values of
150
measured according to ASTM C1609 (as the area under the load-deflection curve
toughness, T150

up to the deflection of 3 mm) in the present work cannot be compared with the values of these
parameters measured in other studies. However, the post-peak behaviors and toughness values
measured here for concretes with different mixtures are clearly different and constitute a
valuable dataset for comparing the ability of these concretes to carry load after peak load.
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5.2.5 Beams reinforced with longitudinal steel rebars
The geometry and design specifications of the reinforced beams are summarized in Table 5.3.
Figure 5.4.a shows a beam mold containing secured hooked-end rebars. The beams were tested
in the three-point bending configuration (Figure 5.4 b) with a displacement rate of 0.1 mm/min
up to the mid-span displacement of 0.5 mm, and a displacement rate of 0.3 mm/min beyond the
mid-span displacement of 0.5 mm. Two LVDTs attached to a jig at the sides of the beams were
used to measure mid-span deflections (Figure 5.4b). The tip of the LVDTs were directly in
contact with the top actuator. Observation during the preliminary phase of the experimentation
showed that throughout bending tests the tip of the LVDTs remain connected to the lowest part
of the top actuator.
Table 5.3 Specifications of the reinforced beams. Balanced reinforcement ratio was calculated
for the control beams.
Width, mm
Height, mm
Effective depth, mm
Length, mm
Span, mm
Clear cover, mm
Diameter of rebar, mm
No. of rebars in a section
Yield str. of rebars, MPa
Reinforcement ratio
Balanced reinf. ratio

100
150
125
914
813
19
15.9
2
420
0.021
0.037

The beams were heavily reinforced longitudinally to ensure that in a three-point bending
configuration, increasing bending load resulted in shear failure. Using the methods of measuring
flexural and shear load carrying capacity of beams prescribed by ACI 318-14 [2], it was found
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that for the reinforced concrete beams without Needles/fibers (control beams), the transverse
load applied on the mid-span leading to flexural failure is 220% larger than that leading to shear
failure. The International Union of Laboratories and Experts in Construction Materials, Systems
and Structures (RILEM) presents a model for estimating the contribution of fibers to the shear
load carrying capacity of reinforced concrete beams based on equivalent flexural strength f e,3 ,
which is a toughness-based parameter [5, 14]. The shear capacity of the reinforced concrete
beams with steel fibers designed for the present study was estimated using the RILEM model
and the values of f e,3 for concrete incorporating steel fibers with the volumetric content of 0.5%
reported in the literature [14]. It was found that for the reinforced concrete beams incorporating
steel fibers, the transverse load applied on the mid-span leading to flexural failure is 66% larger
than that leading to shear failure. It was assumed that using the Needles, GFRP fibers and wind
blade fibers would not increase the shear capacity of the beams to the extent that flexural failure
prevails during the bending tests. The assumption was proved correct as all the beams failed in
shear.
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a

b

Figure 5.4 (a) A mold for reinforced concrete beams containing secured longitudinal steel rebars.
(b) The three-point bending setup for testing reinforced concrete beams.

5.3 Fresh concrete properties
The measured slump values for the fresh mixtures are presented in Table 5.4. The results show
that the variation between the slumps of the three batches for each mixture is small. This finding
indicates a low probability of mistakes during concrete production processes, including
weighting, which could change mixture proportions, and therefore, the mechanical properties of
concrete. The results also show that the addition of Needles and fibers caused slight reductions in
concrete’s slump. Replacing coarse aggregate with GFRP Needles with volumetric ratios of 5%
and 10% reduced the slump by 4% and 7%, respectively. Replacing coarse aggregate with the
smaller GFRP fibers with volumetric ratios of 5% and 10%, reduced the slump by 6% and 24%,
respectively. This higher reduction in a slump is the result of the relatively higher specific
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surface area of the GFRP fibers. Concrete batches with wind blade fibers replacing 5% of course
aggregate’s volume were outliers (two of them in particular) as their average slump was 13%
higher than that of control mixtures. However, replacing 10% of course aggregate volumetrically
by wind blade fibers reduced the slump by 20%. The addition of steel fibers did not have a
significant effect on the slump. The reason is that the volumetric content of steel fibers in
concrete was only 14% or 28% of that of GFRP elements. GFRP elements (either Needles or
fibers) could be added to concrete without a need for superplasticizers or changing mix
proportions. All the concrete mixtures could be placed and consolidated in the molds with the
same ease.
Table 5.4 Slump test results presented in millimeters. For each mixture, three batches were
produced to cast cylinders, beams without longitudinal steel rebars, and beams with longitudinal
steel rebars.
Mixture

Cylinders

CTRL
RB-5
RB-10
GF-5
GF-10
WB-5
WB-10
ST

165
140
133
152
114
165
140
152

Beams
without steel
rebars
152
165
140
156
127
191
127
165

Beams with
steel rebars
165
159
178
146
127
191
121
165

5.4 Mechanical Properties of FRP incorporated concrete
5.4.1 Compressive and splitting tensile strengths
The results for compressive strength and splitting tensile strength of the cylindrical specimens
are presented in Table 5.5. A number of observations validate the findings of previous chapters:
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(1) the effect of incorporating GFRP Needles on the compressive strength of concrete is small. In
the present study, replacing 5% and 10% of course aggregate volumetrically with GFRP Needles
changed the compressive strength by only 3.4% and -1.4%, respectively. (2) GFRP Needles
increase the splitting tensile strength of concrete significantly. In the present study, the 5% and
10% volumetric replacement of course aggregate with Needles resulted in 14.5% and 24.5%
increase in splitting tensile strength, respectively. (3) The effect of wind blade fibers on both the
compressive and splitting tensile strength of concrete is negative but relatively small. In the
present study, replacing 5% and 10% of coarse aggregate with wind blade fibers reduced
compressive strength of concrete by 8.8% and 8.5%, respectively, and reduced the splitting
tensile strength of concrete by 5.4% and 4.0%, respectively.
The design of controlled experiments in the present study provides the means to assess the
performance of concrete incorporating GFRP Needles with reference to (1) concrete
incorporating the same volumetric dosage of GFRP fibers, and (2) concrete incorporating steel
fibers with a commonly used dosage. The results show that the impact of GFRP Needles, GFRP
fibers, and steel fibers on compressive strength is negligible. All three types of elements increase
the splitting tensile strength of concrete significantly and similarly. Incorporation of GFRP
Needles replacing 10% of coarse aggregate resulted in the highest increase of 24.5% in
compressive strength compared with the 19.1% increase in compressive strength caused by
replacing 10% of coarse aggregate with GFRP fibers, and 21.9% increase in compressive
strength resulted from using steel fibers with the volumetric dosage of 0.5%.
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Table 5.5 Test results for compressive strength, f c , splitting tensile strength, f ct , and their mean
values. A “-” sign is used when a test was discontinued due to technical issues.
Specimen
CTRL-1
CTRL-2
CTRL-3
CTRL-4
RB5-1
RB5-2
RB5-3
RB5-4
RB10-1
RB10-2
RB10-3
RB10-4
GF5-1
GF5-2
GF5-3
GF5-4
GF10-1
GF10-2
GF10-3
GF10-4
WB5-1
WB5-2
WB5-3
WB5-4
WB10-1
WB10-2
WB10-3
WB10-4
ST-1
ST-2
ST-3
ST-4

fc

, MPa
37.1
36.5
36.5
35.6
37.8
37.4
39.0
36.5
34.9
37.3
36.1
35.5
36.1
35.6
35.3
34.9
32.9
35.6
33.9
32.1
32.5
32.7
35.7
33.1
33.9
34.5
31.8
36.5
36.3
37.3
37.8

f cm

, MPa

Change, %

36.4

0.0

37.7

3.4

35.9

-1.4

35.7

-2.0

34.3

-5.9

33.2

-8.8

33.3

-8.5

37.0

1.5

f ct
2.9
2.8
3.1
2.9
2.9
3.4
3.5
3.6
3.3
3.5
4.4
3.3
3.0
3.2
2.9
3.3
3.4
3.1
3.8
3.6
2.8
2.7
2.7
2.8
3.3
2.4
2.9
2.6
3.3
3.6
3.4
3.9

, MPa

fctm

, MPa

Change, %

2.9

0.0

3.3

14.5

3.6

24.5

3.1

6.7

3.5

19.1

2.8

-5.4

2.8

-4.0

3.6

21.9

The findings suggest that when enhancing the splitting tensile strength of concrete using slender
elements is concerned and the elements are made with the same material, using larger elements
(Needles) is more effective. In addition, using larger elements has benefits such as the lower cost
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of producing the elements and the practicality of using them in higher dosages without declining
their distribution. However, it should be noted that using large elements is not feasible in
concrete members that are relatively small or have a high content of continuous steel
reinforcement, which may impede the flow of concrete in the molds during casting, causing the
segregation of the slender elements.
5.4.2 First peak strength and toughness
The measured values of concrete’s first peak strength and toughness are presented in Table 5.6 .
The results reveal that incorporating none of the slender elements affected the first peak strength
of concrete. This is consistent with the existing knowledge that fibers with dosages as low as
those used in the present study do not have a significant impact on the first peak strength of
concrete [6]. The results show that for a given volumetric content of GFRP elements in concrete,
the increase in toughness caused by GFRP fibers was higher than the increase caused by GFRP
Needles. For 5% volumetric replacement of course aggregate, the average toughness values for
concretes with GFRP Needles and GFRP fibers were 37.6 J and 77.6 J, respectively. For 10%
volumetric replacement of course aggregate, the values were 50.2 J and 78.9 J (about the same as
the toughness of concrete with steel fibers), respectively. This observation was unexpected
considering the facts that (1) the splitting tensile strength of concrete with GFRP Needles is
higher than that of concrete with the same content of GFRP fibers, (2) toughness is a measure of
the ability of concrete that is cracked in tension to carry the load, and (3) the Needles did not
break during the bending tests, it was more anticipated that the Needle-incorporated concretes
would have higher, or at least similar, toughness values. Observation of the cracking patterns in
splitting tensile and toughness tests helped to explain the results.
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Figure 5.5 shows typical crack patterns on the sides and bottom of the beams incorporating
GFRP fibers and GFRP Needles replacing 10% of coarse aggregate after tested for measuring
toughness. The crack that caused the failure of the concrete specimen with GFRP fibers has a
relatively flat surface and is nearly perpendicular to the sides and bottom of the beam (Figure 5.5
a). However, the crack in the concrete beam with GFRP Needles highly deviates from plane
surface (Figure 5.5 b). A member in tension made of a homogeneous brittle material fractures
through a plane crack with the minimum surface area since the formation of such a crack
requires the least amount of energy [22]. Similarly, in concrete incorporating slender elements,
cracks propagate in directions that minimize the energy required for fracture. The smaller the
number of slender elements that bridge a crack, the less energy is required for fracture to take
place. Therefore, a crack is formed in a way that the largest number of slender elements are
missed without significantly increasing the crack’s surface area. When there are many closely
spaced slender elements in a concrete prismatic specimen, deviation of a crack from a flat
surface perpendicular to the axis of the prism does not reduce the number of intersected slender
elements; missing an element results in intersecting another. Such a deviation (1) increases the
surface area of the crack, which is one cause of increased fracture energy, and (2) increases the
number of intersected elements due to the enlarged crack surface, which is another cause of
increased fracture energy. Therefore, in the case of GFRP fibers in which slender elements are
uniformly distributed and closely spaced in concrete a fracture crack is flat with minimum
possible surface area (Figure 5.5 a). For a given volumetric content of GFRP elements, in a unit
volume of concrete the number of GFRP Needles is nearly 50 times smaller than the number of
GFRP fibers (Table 5.2). Therefore, the spacing between GFRP Needles in concrete is
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significantly larger than the spacing between GFRP Needles with the same volumetric content
(Figure 5.6). As a result, some deviation of fracture crack from the plane surface may lead to
missing a number of the Needles, causing a decrease in fracture energy that is larger in
magnitude than the additional fracture energy caused by the increased area of the crack. Since
the slender elements are the main contributor to the toughness of concrete, an increased number
of missed elements by the fracture crack leads to a reduction in the toughness of concrete.
The freedom of fracture cracks to deviate from a plane surface in splitting tensile tests is more
limited than that in bending tests. In a splitting test, the two zones (lines) on the lateral surface of
the concrete cylinder that is in contact with the top and bottom fixtures of the testing machine
have high concentrations of stress, because the area through which the applied load is transferred
is minimal; nearly zero. Therefore, these two zones always become the two ends of the fracture
crack. Figure 5.7 and Figure 5.8. show that in splitting tensile tests for both the concretes
incorporating GFRP fibers and GFRP Needles replacing 10% of coarse aggregate, the ends of
the cracks are at the contact zones between cylinders and the fixtures of the testing machine. This
phenomenon causes the fracture cracks to have nearly flat surfaces that intersect with almost all
the Needles on the plane between the top and bottom contact lines. In such a condition, Needles
reinforce concrete more effectively, compared to when beams are tested in bending and the
fracture crack’s location and geometry can deviate from where and what they would be if the
beams were made of a homogeneous brittle material. This finding suggests that splitting test may
not be a reliable technique for measuring the tensile strength of concrete reinforced with low
aspect ratio elements that are spaced relatively far from each other. In addition, the finding
suggests, in light of the first-peak strength results, that the GFRP Needles studied in this work
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cannot effectively increase the tensile strength of concrete. It is important to investigate the
effect of Needles with different geometries, mechanical properties, and dosages on the tensile
performance of concrete. Conducting such an investigation through experimentation involves
producing and testing a prohibitively large number of specimens. Therefore, appropriate models
calibrated by test results need to be used to simulate such tests.

(a.i) GF-10, right side

(b.i) GN-10, right side

(a.ii) GF-10, left side

(b.ii) GN-10, left side

(a.iii) GF-10, bottom

(b.iii) GN-10, bottom

Figure 5.5 Typical crack patterns on the concrete beams incorporating (a) GFRP fibers and (b)
GFRP Needles. In both types of concrete 10% of coarse aggregate was replaced volumetrically
by the GFRP elements.

95

Table 5.6 Results from testing beams without longitudinal reinforcement in third point bending
150
represent the peak strength and the toughness of
according to ASTM C1609 [10]. f pm and T150
concrete. A “-” sign is used when a test was stopped uncompleted due to technical issues.
Specimen

fp

CTRL-1
CTRL-2
CTRL-3
CTRL-4
RB5-1
RB5-2
RB5-3
RB5-4
RB10-1
RB10-2
RB10-3
RB10-4
GF5-1
GF5-2
GF5-3
GF5-4
GF10-1
GF10-2
GF10-3
GF10-4
WB5-1
WB5-2
WB5-3
WB5-4
WB10-1
WB10-2
WB10-3
WB10-4
ST-1
ST-2
ST-3
ST-4

4.8
4.8
4.8
4.3
4.7
4.0
4.4
5.0
5.0
4.8
5.1
5.3
4.6
4.4
4.5
4.7
4.1
4.3
4.7
4.3
4.7
5.1
4.7
4.3
4.0
4.8
4.7
4.9
4.1

, MPa

f pm

, MPa

Change, %

4.8

0.0

4.3

-0.1

4.8

0.0

5.0

0.0

4.4

-0.1

4.5

-0.1

4.5

-0.1

4.6

0.0
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T115500 , J

1.3
1.0
1.2
39.8
40.5
32.7
47.6
59.7
64.8
28.8
82.2
73.5
77.2
82.5
84.7
73.7
74.8
29.1
42.9
30.7
32.9
38.7
57.2
76.8
38.7
90.5
80.1
85.1
60.8

150
T150
m , J

1.2

37.6

50.2

77.6

78.9

33.9

52.9

79.1

a

b

Figure 5.6 Fractured surfaces of concrete beams shown in Figure 5.5 with 10% volumetric
replacement of coarse aggregate with (a) GFRP fibers and (b) GFRP Needles. Each beams was
separated manually into two pieces after bending tests.

a

b

c

d

Figure 5.7 Concrete specimens with 10% volumetric replacement of coarse aggregate with
GFRP fibers, after the completion of splitting tensile tests.
a

b

c

d

Figure 5.8 Concrete specimens with 10% volumetric replacement of coarse aggregate with
GFRP Needles, after the completion of splitting tensile tests.
The load vs. mid-span deflection curves measured during the bending tests are presented in
Figure 5.9. In each panel of the figure the performance of concrete with one type of GFRP
element is compared to that of steel fiber reinforced concrete, serving as benchmark. The average
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post-peak load-carrying capacity of concrete beams with wind blade fibers is significantly lower
than that of steel fiber reinforced concrete beams (Figure 5.9 a). This is partly due to the low
tensile and flexural strength of wind blade fibers, which was found in a previous study of the
authors to be caused by the mostly transverse alignment of glass fibers in the slender element [8].
The observations from the above-mentioned and present study show that most of the wind blade
fibers intersected by the fracture cracks—except for those with one end in close proximity to the
crack surface—are broken when the test is completed. Figure 5.9 b show that the post-peak drop
for the beams incorporating GFRP Needles is also sharp; beams with GFRP Needles and beams
with wind blade fibers have similar values of average toughness (Table 5.6 ).
An interesting observation about the beams incorporating wind blade fibers and beams with
GFRP Needles, particularly those with 10% of coarse aggregate replaced with the elements, is
the significantly high variation in the values of residual loads following the peaks. Since slender
elements are not distributed in a perfectly random fashion, there are different zones with high
and low concentrations of the elements. The size of these zones are proportional to the size of the
slender elements. When the large and relatively low-aspect ratio GFRP Needles or wind blade
fibers are used in concrete, the vertical plane passing the mid-span, can be predominantly in a
high or low concentration zone, leading to a wide range of expected fracture mechanisms,
patterns of deviation of fracture cracks from the plane, and measured toughness values. Zones
with different concentrations of elements do exist when the elements are smaller fibers with
higher aspect ratios. However, these zones are smaller and it is more probable that the mid-span
plane passes a similar number of high and low concentration zones. Therefore, beams from the
same fiber incorporated concrete mixture have similar failure behaviors in bending.
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5.4.3 Shear performance of reinforced concrete beams
The results for the shear load carrying capacity of reinforced concrete beams are presented in
Table 5.7 . Both the GFRP Needles and GFRP fibers increased the shear capacity of the beams
significantly and similarly. The GFRP fibers were slightly more effective. Replacing 5% of
coarse aggregate volumetrically with GFRP Needles and GFRP fibers increased the shear
capacity of the beams by 20% and 26%, respectively. Replacing 10% of coarse aggregate with
these elements increased the shear capacity of the beams by 40% and 44%, respectively. The
effect of using wind blade fibers on shear capacity was relatively insignificant. Replacing 5%
and 10% of coarse aggregate volumetrically with wind blade fibers increased the shear capacity
of the beams by only 8% and 7%, respectively. Steel fibers had the highest impact, increasing the
shear capacity of the beams by 51% when used with the volumetric dosage of 0.5% in concrete.
A review of several past studies on the effect of steel fibers on the shear capacity of reinforced
concrete beams revealed that using hooked-end steel fibers with the volumetric content of 0.5%
increases the shear capacity of the beams by values in the range of 17% to 76%, averaging 43%
[23-31]. This average value is close to the 51% increase measured in the present study.
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RB5
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0
0
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1

1.5

2

2.5

0

3

0.5

1.5

2

2.5
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Midspan displacement, mm

Midspan displacement, mm
50

1

c

ST

GF5

GF10

Load, kN

40
30
20
10
0
0

0.5

1

1.5

2

2.5

3

Midspan displacement, mm

Figure 5.9 Load vs. mid-span displacement curves from testing beams incorporating (a) wind
blade fibers, (b) GFRP Needles, and (c) GFRP fibers. The curves from testing steel fiber
reinforced concrete beams are presented in all the panels as a benchmark.
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Table 5.7 Shear load-carrying capacities, V u , of the longitudinally reinforced concrete beams and
their mean values, Vum .
Specimen
CTRL-1
CTRL-2
CTRL-3
CTRL-4
RB5-1
RB5-2
RB5-3
RB5-4
RB10-1
RB10-2
RB10-3
RB10-4
GF5-1
GF5-2
GF5-3
GF5-4
GF10-1
GF10-2
GF10-3
GF10-4
WB5-1
WB5-2
WB5-3
WB5-4
WB10-1
WB10-2
WB10-3
WB10-4
ST-1
ST-2
ST-3
ST-4

V u , kN
49.8
49.5
52.2
49.5
53.2
60.3
62.9
64.8
70.4
71.3
66.8
72.0
55.5
66.5
64.5
67.3
72.8
73.4
74.3
69.3
50.2
57.0
52.4
56.5
52.1
53.9
52.4
56.5
72.4
76.1
78.9
75.5

Vum , kN

Change, %

50.2

0

60.3

20

70.2

40

63.4

26

72.4

44

54.0

8

53.7

7

75.7

51

The load vs. mid-span displacement curves for the reinforced concrete beams incorporating
GFRP Needles, GFRP fibers, and wind blade fibers are presented in Figure 5.10, Figure 5.11,
and Figure 5.12, respectively. In each figure, the curves are presented with respect to those for
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the control beams (panel ‘a’ on the left) and the beams with steel fibers (panel ‘b’ on the right).
The measurements are presented up to the mid-span displacement of 15 mm, beyond which the
load-carrying capacities of all the beams were stable. The curves show that the beams
incorporating GFRP Needles and GFRP fibers had significantly higher post-peak (residual) loadcarrying performances compared with the control beams (Figure 5.10 a and Figure 5.11a). The
post-peak performance of the beams with GFRP Needles and GFRP fibers replacing 10% of
coarse aggregate volumetrically was similar to the performance of beams with steel fibers
(Figure 5.10 b and Figure 5.11 b). Incorporating wind blade fibers in concrete did not cause
notable improvements in the residual load caring capacity of the beams (Figure 5.12).

(a)

80
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RB5
RB10

ST
RB5
RB10

60
Load, kN

Load, kN

60

(b)

80

40
20

40
20

0

0

0

5
10
Midspan displacement, mm

15

0

5
10
Midspan displacement, mm

15

Figure 5.10 Load vs. displacement curves for reinforced concrete beams incorporating GFRP
Needles (RB5 and RB10) along with the curves for (a) the control beams and (b) the beams with
steel fibers.
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Figure 5.11 Load vs. displacement curves for reinforced concrete beams incorporating GFRP
fibers (GF5 and GF10) along with the curves for (a) the control beams and (b) the beams with
steel fibers.
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Figure 5.12 Load vs. displacement curves for reinforced concrete beams incorporating wind
blade fibers (WB5 and WB10) along with the curves for (a) the control beams and (b) the beams
with steel fibers

Although the effect of using GFRP Needles on the measured concrete toughness is significantly
lower than that of using the same volume of GFRP fibers (Table 5.6 ), the impacts of using the
same volumetric content of GFRP Needles and GFRP fibers on both the shear capacity of the
reinforced concrete beams and their residual strength are similar. This observation is not
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congruent with the fact that for both types of beams tested for measuring toughness and shear
performance (1) the cross-section dimensions are similar, and (2) the distribution patterns of
GFRP Needles in the beams are similar. This apparent discrepancy may be explained using the
ratio of the average spacing between adjacent slender elements to crack length (or area). As an
example, consider the extreme scenario in which this ratio is larger than one when the crack is
vertical; that is, the height of the beam is smaller than the spacing between adjacent elements. In
this case, the probability of intersecting at least one element by the vertical crack (toughness test)
is lower than that of a 45º diagonal crack (shear test), which is 41% longer. This is essentially a
size effect issue; if the spacing between the elements is much smaller than the dimensions of the
beam section, the number of elements intersected by a unit area of a crack is a constant value,
regardless of the size and direction of the crack. It is therefore expected that if the GFRP Needles
were used in large reinforced beams, the improvements in shear performance would not be
smaller than those observed in the present study.

5.4.4 Crack patterns in reinforced concrete beams
Figure 5.13 -Figure 5.17 show the side views of the reinforced concrete beams after the
completion of the bending tests. The tests were stopped at the mid-span deflection of
approximately 25 mm, with the exception of control beams for which the tests were stopped at
the deflection of 22 mm. The fine cracks that cannot be seen easily in the pictures are marked
with dark red. In each of the control beams, only one shear crack developed (Figure 5.13), and
eventually led to the failure of the beam. The remaining cracks are relatively short and small in
numbers. Additional cracks can be observed on beams with wind blade fibers. However, the
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majority of those cracks are horizontal and caused by rebar-concrete bond failure, potentially due
to the relatively higher mid-span deflection. It should be noted that the interface between
concrete and the wooden spacers, which were used to maintain the required cover for the steel
rebars (Figure 5.4a), created weak zones from which the formation of cracks initiated. However,
this condition was identical for all the beams.
The average number of diagonal and vertical cracks in the beams incorporating GFRP fibers
(Figure 5.15) is slightly larger than that in control beams. That may be due to the higher
deflection endured by the GFRP-incorporated beams, or due to a more uniform distribution of
internal stresses within concrete caused by the GFRP fibers. Comparing Figure 5.15, Figure 5.16
and Figure 5.17, it reveals that the number of cracks in beams with GFRP Needles (Figure 5.16)
is significantly higher than that of the beams with GFRP or steel fibers. This is an important
observation considering the fact that the load vs. mid-span deflection curves of the beams with
the same contents of GFRP Needles and GFRP fibers are similar in Figure 5.10 and Figure 5.11).
As mentioned earlier, the functioning mechanisms of fibers and Needles in concrete are
fundamentally different; during crack growth, fibers are pulled out (or break), whereas when
Needles are used the growth of crack width necessitates that concrete crushes in the zones
surrounding the Needles that intersect the crack. When crushing at the interface requires more
energy than the formation of new cracks does—which appears to be the case here—new cracks
will form. The observation that the load-deflection behavior and shear strength of the beams with
the same content of GFRP fibers and GFRP Needles were similar suggests the possibility that the
unique mechanism of interaction between concrete and Needles has not been harnessed
effectively in the present work. It is possible that using Needles with the same length and a
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smaller diameter, leading to a smaller average distance between adjacent Needles, would
increase the number of cracks during testing, thereby increasing the post-peak load carrying
capacity of the beams. Alternatively, using longer Needles with the same cross-section
dimensions in larger reinforced concrete beams may have a similar positive effect. These
hypotheses need to be validated through simulations and further laboratory experiments. In
addition, such studies should aim to determine the lower limit of section size of the Needles that
can be produced with economic feasibility using existing materials.
Control (i)

Control (ii)

Control (iii)

Control (iv)

Figure 5.13 Control reinforced beams (without discrete elements).

Wd blade fiber 5% (i)

Wd blade fiber 5% (ii)

Wd blade fiber 5% (iii)

Wd blade fiber 5% (iv)

a) Reinforced beams incorporating wind blade fibers with 5% content
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Wd blade fiber 10% (i)

Wd blade fiber 10% (ii)

Wd blade fiber 10% (iii)

Wd blade fiber 10% (iv)

b) Reinforced beams incorporating wind blade fibers with 10% content
Figure 5.14 Reinforced beams incorporating wind blade
GFRP fiber 5% (i)

GFRP fiber 5% (iii)

GFRP fiber 5% (ii)

GFRP fiber 5% (iv)

a) Reinforced beams incorporating GFRP fibers, with 5% content
GFRP fiber 10% (i)

GFRP fiber 10% (ii)

GFRP fiber 10% (iii)

GFRP fiber 10% (iv)

b) Reinforced beams incorporating GFRP fibers with 10% content
Figure 5.15 Reinforced beams incorporating GFRP fibers
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GFRP Needle 5%

GFRP Needle 5% (ii)

GFRP Needle 5%

GFRP Needle 5%

a) Reinforced beams incorporating GFRP Needles with 5% content
GFRP Needle 10%

GFRP Needle 10%

GFRP Needle 10% (ii)

GFRP Needle 10%

b) Reinforced beams incorporating GFRP Needles with 10% content
Figure 5.16 Reinforced beams incorporating GFRP Needles
.
Steel fiber (i)

Steel fiber (ii)

Steel fiber (iii)

Steel fiber (iv)

Figure 5.17 Reinforced beams incorporating steel fibers
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5.5 Conclusion
Three types of GFRP slender discrete elements were used in concrete to study their effects on
shear performance of reinforced concrete beams and material characteristics, such as toughness,
which have been shown to correlate with the shear performance of reinforced concrete beams.
The elements were wind blade fibers, GFRP fibers, and GFRP Needles
The test results showed that the GFRP Needles increased the overall shear performance of
reinforced concrete beams significantly. However, the results did not reveal any notable
advantage of using the Needles instead of fibers made with the same materials. For a given
volumetric content of GFRP elements in concrete, the increase in toughness of concrete beam
caused by GFRP fibers was higher than the increase caused by GFRP Needles. The shear
performance of FRP fiber incorporated concrete is consistent compare with the FRP- Needle
incorporated concrete. In addition, the contribution of the Needles to the measured mechanical
properties was less than that of the steel fibers used with lower volumetric content. However,
since Needles can be produced with numerous other geometries or from different materials,
conducting further laboratory tests and numerical simulations can lead to an informed judgment
about the potential of Needles as shear reinforcement in concrete. The findings of the present
work can be used to narrow down the range of variable values for future studies. Specifically, to
ensure that fracture cracks intersect the maximum possible number of Needles, the authors
recommend (1) increasing the spacing between the Needles by using larger numbers of Needles
per unit volume of concrete, (2) using Needles with higher aspect ratios, and (3) using Needles
with the smallest possible cross-sectional dementias; using a cross-section below that limit
causes the slender elements to function as fibers rather than Needles. In addition, to avoid size
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effects, the dimensions of concrete specimens need to be significantly larger than the length of
Needles. Compared to fibers commercially used in concrete, for a given volumetric content,
Needles have a lower tendency to agglomerate and do not reduce the workability of concrete.
These attractive characteristics strengthen the motivation to further study the potential positive
effects of Needles on the mechanical performance of concrete.
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Mechanistic properties study of Needle
incorporated concrete base on simulation
6.1 Introduction
Concrete is both brittle and weak in tension. If a crack forms when a non-reinforced concrete
member carries increasing tensile stress, the crack grows instantly and the member breaks
abruptly into two pieces. Consequently, the load-carrying capacity of the member drops to zero
immediately after the peak load is reached. If concrete incorporates randomly distributed slender
reinforcing elements, a tensile crack is bridged by the elements intersected by the crack. As a
result, the concrete member continues to carry stress after the formation of the crack. This tensile
stress carrying capacity (tensile strength) eventually decreases as more elements are pulled out or
broken during the crack opening. To evaluate any kind of discrete reinforcing elements such as
fibers or Needles, it is important to understand the post-tensile-crack behavior of concrete
incorporating the element. This is the goal of the study presented in Chapter 6; the tensile
strength of concrete incorporating different kinds of Needles with different diameters and aspect
ratios are estimated for different crack-opening widths.
The finite element method (FEM) and existing models of concrete behavior under load has been
used for this purpose. Since the study consists only of theoretical simulation and the results are
not backed by laboratory experiments, the estimated values of tensile strength cannot be claimed
as actual. Nevertheless, the goal of the study is not to obtain the real value of tensile strength.
The objective is to “compare” the tensile performances of cracked concrete members that are
each reinforced with a different type of Needle. The study is based on the hypothesis that if the
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simulation result shows that one type of Needle reinforces concrete more efficiently compared
with another type of Needle, laboratory experiment will lead to the same conclusion even if the
values obtained for an experiment by simulation and laboratory testing are different.

6.1.1 Modeling assumptions
The interaction between FRP Needles and concrete was modeled using FEM and a simulation
technique known as the “control variables method.” This is a parametric method, which is
designed to study the relationships between multiple variables and result in an experiment or
simulation setup. One variable is changed during a group of experiments, while other variables
remain constant so that the influence of the changing variable on the result of the experiment can
be isolated from other variables. By repeating this overall process variables, the influence of all
variables can be obtained.
To facilitate the simulation, the following assumptions were made:
1.

A tensile crack in concrete has already formed, and therefore concrete does not

resist crack opening. The Needles and their interactions with the concrete matrix that
embed them are the only cause of resistance to crack opening.
2.

For the longer part of the Needle fixed in the concrete matrix, there is no slippage

nor torsion between the Needle and the concrete matrix, which holds the gravity center of
the Needle.
3.

The study investigates only Needles that have smooth surfaces. It is therefore

assumed that the bonding strength between Needles and concrete is zero.
4.

There is no Needle breakage or debonding during the crack opening.
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The model parameters that their effect on post cracking behavior of concrete were investigated
are diameter, aspect ratio, embedded length, angle of the incorporated Needle, and mechanical
properties of Needles and concrete.

6.1.2 Needle geometry
The dimensions of the FRP Needles investigated by simulation are presented in Table 6.1.
Table 6.1 Dimensions of the simulated FRP Needles
Needle

Diameter 𝑑, mm

Length 𝑙, mm

Type 1
Type 2
Type 3
Type 4
Type 5
Type 6

2
2
4
4
6
6

40
120
80
240
120
360

Aspect Ratio
𝑙/𝑑
20
60
20
60
20
60

The dimension of the concrete block in the simulation was 200 mm* 250mm* 200mm.
Preliminary simulations revealed that choosing larger blocks did not affect the results. There are
6 types of FRP Needles with different diameters and lengths. The diameters are 2mm, 4mm and
6mm, and aspect ratios are 20 or 60. Each Needle was embedded in the concrete forming a
number of different angles with the crack surface (15°, 30°, 45°, 60° 𝑎𝑛𝑑 75° and different
embedded lengths (as a function of Needle length: 𝑙,

.

𝑙 𝑎𝑛𝑑 𝑙 . Therefore, as demonstrated

in Figure 6.1, there are 90 different combinations of aspect ratio, location, and orientation, each
modelled separately.
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Needle diameter

Needle
aspect ratio

2mm

Needle embedded
length ratio

Needle
embedded angle

1/8

15°
30°

20
4mm

2.5/8
60

6mm
3

2

45°
60°

1/2

75°

3

5

90

Figure 6.1 Different combinations of the model parameters

6.1.3 Mechanical properties of concrete and GFRP Needles
The concrete damage plasticity (CDP) model was used to simulate concrete behavior. The CDP
model is a continuum damage model for concrete based on plasticity, assuming the primary
failure modes of concrete are tensile cracking and compressive crushing. By combining isotropic
damaged elasticity with isotropic tensile and compressive plasticity, CDP model is suitable for
modeling the brittle behavior of concrete and other quasi-brittle structures. CDP model was
chosen for the FEM simulation in this study because of its capability of simulating the cracking
of concrete around Needles, which was observed at Needle pullout after concrete failure in the
experiments in previous chapters.
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The concrete properties are presented in Table 6.2 [2-6], based on the Damage Constitutive
Model derived by Ding [4]. The concrete’s stress-strain response used in the CDP model is
presented in Figure 6.2.
Table 6.2 The material properties of concrete
Concrete properties
Mass density, 𝑘𝑔/𝑚
Young’s modules, MPa
Poisson’s ratio
Dilation Angle, degree
Eccentricity
𝑓 /𝑓
K
Viscosity Parameter

Value
2177
32500
0.2
38
0.1
1.16
0.6667
0.00001

Compression behavior used in CDP
30

2.5

25

Yield Stress, MPa

Yield stress, MPa

Tension behavior used in CDP
3
2
1.5
1
0.5

20
15
10
5
0

0
0

0.0002
0.0004
Cracking strain

0

0.0006

0.002
0.004
Inelastic strain

0.006

Figure 6.2 The tension and compression behaviors in CDP model
The FRP Needle material properties was defined as isotropic material for simplicity. Since the
objective is to compare the contributions of Needles with different geometries this assumption is
unlikely to affect the results relative to each other. Density of GFRP is 1,890 𝑘𝑔/𝑚 and its
Young’s Modulus is 46 GPa.
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6.1.4 Boundary conditions and loading process
For each simulation, one Needle needs to be embedded in concrete. The Needle is then pulled in
a direction perpendicular to the surface of the concrete block, which intersects the Needle (crack
surface). The bottom of the concrete block (the surface parallel to the crack surface) was fixed to
a steel adapter. To avoid any horizontal force created while pulling the Needle, the experiment
was designed to be symmetric by using two Needles as shown in Figure 6.3. The boundary of the
part of Needle outside crack surface (which in reality is embedded in concrete on the other side
of the crack) was modeled to be fixed to a fully rigid medium that is moving away from the
crack surface. The displacement range was selected to be from 0 mm to 10 mm, to capture the
crack opening resistance within a relatively wide range.

Figure 6.3 The dimensions and boundaries of the modelled block
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6.2

Methodology to estimate the post-cracking tensile strength of

concrete for different widths of crack opening
Probability theory was used to measure the tensile strength of cracked concrete at different crack
opening widths. The tensile strength can be regarded as a bivariate random variable, which is a
function of two variables related to the Needles that bridge the crack: the angle between each
Needle and crack surface, and the distance between each Needle’s centroid and crack surface.
The first variable is within the rage of 0 and 90 degrees. The second variable is within the range
of 0 and half of the length of the Needles used. Each of these random variables have a
probability density function (PDF). The PDF of the distance between Needle centroid and crack
surface is uniform. The PDF of the angle is calculated in Section 6.2.3. By knowing these two
PDFs and the simulation results, one can calculate the expected value of load that a Needle
resists when bridging a crack. The tensile strength of cracked concrete for a given crack opening
width can be calculated by dividing this load by the average crack area that can be attributed to a
single Needle, which is a function of Needle diameter and the volumetric dosage of Needles in
concrete.
6.2.1 Position parameters of Needles intersecting crack surface.
When many Needles bridge a crack surface, the numbers of Needles in each side of the crack
that remain embedded in that side during crack opening are very similar. Therefore, in the model
only the contribution of the Needles that remain embedded in one side of the crack are measured,
and at the end the calculated tensile strength is multiplied by two. As mentioned earlier, one of
the variables used for measuring tensile strength is the distance between the Needle centroid and
crack surface. However, when the experiment was designed the embedded length of Needles in
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concrete was used. Each of these parameters can be calculated using the other. The distance
between the centroid and the crack surface can be calculated using the following equation as
demonstrated in Figure 6.4.
𝑐

𝑙

sin 𝑥

Where 𝑐 is the distance between the centroid and crack surface, 𝑙 is the length of the Needle, 𝑙 is
the embedded length of the Needle, and 𝑥 is the embedded angle of the Needle.

Figure 6.4 The diagram of Needle
By introducing the parameter 𝑐, the distribution of the Needles in the concrete can be
approximated by the distribution of the geometric centers of the Needles. Naturally, only the
Needles whose centroid are within from the crack surface can potentially bridge the crack,
depending on its actual position and embedded angle. However, Needles with geometric center
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farther from the crack surface than cannot intersect with the crack. Therefore, in the model the
portion of concrete within from the crack, surface is analyzed.
6.2.2 Average area bridged by a single Needle
The average area bridged by a single Needle can be derived as follows:
The “influence box” is a square prism with a length equal to half of the Needle length (Figure
6.5). Only the Needles that their centroids are in the influence box may contribute to bridging a
crack. The volume of the influence box is equal to the volume of a given amount of concrete
divided by the number of Needles in that amount of concrete. Therefore, the area of the square
section of the influence box (m2) is the total crack area divided by the number of Needles that
may bridge the crack and contribute the post cracking tensile resistance. Hence, the post cracking
tensile strength of concrete is essentially the average resistance force of a Needle with its
centroid in an influence box divided by m2. This average resistance force can be calculated from
the results of the simulation. But first, one needs to calculate m. Let D be the number of Needles
in a given volume of concrete divided by that volume. A is the influence area of a single Needle
(m2). We have:
𝐷

𝑁𝑜. 𝑜𝑓 𝐹𝑖𝑏𝑒𝑟𝑠
𝑈𝑛𝑖𝑡 𝑉𝑜𝑙𝑢𝑚𝑒

1
m ∗

Therefore
𝐷∗𝑚 ∗

𝑚

𝑙
2

l
D∗
2
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1
.

𝑙
2

𝐴

𝑚

𝐷∗

𝑙
2

So based on the above derivation, the influence area of a single Needle at one side of the crack is
equal to 𝐷 ∗

. Since both side of the crack

𝑅 is defined as the Needle volume content.

𝑅

𝜋𝑑
𝑙
4
𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑑 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
𝑛∗

where
-

𝑛 is the total number of Needles in unit volume of Needle reinforced concrete.

Base on the definition of D, the following equation can be given as:
𝑛
𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑑 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
𝑛
𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑑 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒

𝐷
𝑅
𝜋𝑑
𝑙
4

1
𝐴∗

𝑙
2
1

𝐴∗

𝑙
2

By reform the above equation, so the average area bridged by a single Needle can also be defined
as follows:
𝐴

𝜋𝑑
2𝑅
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Figure 6.5 The methodology of Needle volume percentage estimating

6.2.3 Finding probability density function (PDF) for the angle between a slender element and
crack surface
As mentioned earlier, the range of the possible angles between a slender element and the surface
of a flat crack is  0,  / 2 . Our goal is to determine the PDF of the angle, given that the Needles
are randomly oriented. Consider a hemisphere, such that its base sits on a crack surface and the
centroid of a randomly oriented slender element with a length of 2R is located on the center of
the hemisphere’s base. The outer tip of the element is located on the hemisphere’s surface. This
location has a uniform random distribution, i.e. if we select two different zones with the same
area on the hemisphere, the probability that the tip of the element is within the first zone is the
same as that within the second zone. The Angle between the element and hemisphere’s base
(crack surface) can be represented by X . X is a random variable. However, its distribution is not
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uniform; it is evident that the likelihood of smaller angles is higher. Consider the sphere cap in
Figure 6.6 with the height of h . Any line that connects the center of the hemisphere base and any
point on the circumference of the cap base has an X angle with the hemisphere base. Because of
the uniformity of the distribution of the location of element tip on the hemisphere the cumulative
distribution function (CDF) of X is:
FX  x   P  X  x  

Area of hemispher  Area of the sphere cap
Area of hemisphere

Presenting the areas in the above equations as functions of X and R , the resulting expression is:
2 R 2  2 R 2 1  sin x 
 sin x
FX  x   P  X  x  
2 R 2

Therefore, the PDF of X is:
fX  x 

dFX  x 
 cos x
dx

Figure 6.6 A representation of a randomly oriented slender element with the length of 2R with
its centroid located on the center of the base.
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6.2.4 Estimate tensile strength of cracked concrete while crack opening
As mentioned in section 6.1.2, the simulations were performed for different types of Needle with
5 different angles with crack surface and 3 different embedment depths to establish the model.
Each simulation output a tensile force vs. crack width curve during the crack opening. The
simulation terminates when the width of the concrete crack reaches 10mm, or the Needle is
completely pulled out of concrete (the latter occurs when the Needle’s initial embedded depth is
smaller than 10mm.)
As discussed in the previous section 6.2.3, a Needle’s embedded length and angle with the crack
surface are random variables with known PDFs. Since these random variables are continuous,
the number of possible combinations of embedded length and angle for a specific Needle is
indefinite. Since in the simulation, a finite number of those combinations was investigated in
section 6.1.2, interpolation was used to approximate the tensile force at any desired Needle’s
embedded depth and angle with crack surface. The interpolated force values and pdfs were used
as explained in Section 6.2.2 to measure the tensile strength at different crack opening widths.
The expected value of post-cracking tensile strength can be calculated by the following equation.
𝐸𝑇

𝑃

,

𝑐, 𝑥 ∙ 𝑇 𝑐, 𝑥

To calculate the expected value of a discrete random variable, we need to multiply each possible
value of the random variable by its probability and add up all those multiplications.
Those possible values of tensile resistance force measured by simulation, and the probabilities
from the Probability density function (C, X) were calculated. X and C were broke down into
small ranges, shown in Table 6.3 and Table 6.4 . The values of probability for different
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combinations of those ranges were calculated. The simulation results were interpolated to find
the tensile resistance for different combinations of those ranges. The interpolation of the forces
and the calculation of averaged tensile-stress-crack-width curve of each Needle type were done
using custom Mathematica scripts.
Table 6.3 Joint probability of different combinations of 𝐶 and 𝑋: 𝑃
𝒄, 𝒎𝒎
0~1

⋯

0.5, 2.5

⋯

𝒍
𝟐

𝒙
0~5°

𝑃

,

⋯

⋯

85~90°

𝑃

,

0.5, 87.5

𝑐, 𝑥

,

𝟏 ~

𝑙

𝑃

1

,

2

⋯
⋯

𝑃 𝐶

𝑐, 𝑋

𝑥

𝒍
𝟐

, 2.5

⋯
𝑙

𝑃

1

,

2

, 87.5

Table 6.4 Tensile resistance force for different values of 𝐶 and 𝑋 (Obtained from simulation)
𝒄, 𝒎𝒎
0~1

⋯

0~5°

𝑇 0.5, 2.5

⋯

⋯

⋯

⋯

85~90°

𝑇 0.5, 87.5

⋯

𝒙
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𝒍
𝟐

𝑇

𝟏 ~

𝑙

1
2

𝒍
𝟐

, 2.5

⋯
𝑇

𝑙

1
2

, 87.5

Figure 6.7(a) shows the PDF of the bivariate random variable for different combinations of the
distance between the Needle centroid and crack surface, and the angle between the Needle and
crack surface graphically. Figure 6.7(b) shows, as an example, different values of tensile force
for the crack width of 1mm (obtained by interpolation of simulation results) for all possible
combinations the Needle’s centroid distance from crack surface and Needle’s angle with the
crack surface.

(a)

(b)

Figure 6.7 (a) the PDF of Needle Type 1 (Diameter=2mm, Length= 40mm) (b) an example of
tensile force for the crack width of 1mm (obtained by interpolation of simulation results) for all
possible combinations the Needle’s centroid distance from crack surface and Needle’s angle with
crack surface.

6.3 Simulation process
6.3.1 Simulation parameters
Per section 6.1.3, five different angles and three different embedded length ratio (leading to three
different distances between Needle centroid and crack surface) were selected for 6 types of
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Needles, show in Table 6.5. This leads to 90 different combinations, each of which was
simulated to estimate load versus crack opening responses. In the numerical models, concrete
part has been modeled with 8-nodes solid element and typical size of those solid element is set as
10 mm. FRP Needles are also modeled with solid elements with size of 1/3 of diameter d. The
detail information of the element showed in the Table 6.6. No bond nor friction, but only rigid
contact defined between the concrete and Needle elements contact surfaces.
Table 6.5 ABAQUS Model of each Needle Type
Embedment ratio 𝑙 /𝑙

Angle with crack surf. X, °

1/8
2.5/8
1/2
1/8
2.5/8
1/2
1/8
2.5/8
1/2
1/8
2.5/8
1/2
1/8
2.5/8
1/2

15
15
15
30
30
30
45
45
45
60
60
60
75
75
75

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Table 6.6 Element information of models
Mesh part

Element
size

Element Type in ABAQUS

Needle

1/3 of d

C3D8R: An 8-node linear brick, reduced integration, hourglass control.

Concrete

10 mm

C3D8R: An 8-node linear brick, reduced integration, hourglass control.

Concrete around Needle

1/3 of d

C3D10: A 10-node quadratic tetrahedron.
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6.3.2 Model optimization
The concrete damaged plasticity model is sensitive to the element size. Mesh sensitivity analysis
process followed the flow diagram showed in the Figure 6.8. Considered the computation
limitations, available data storage capacity, result convergence and the duration of computation,
the mesh sizes were slightly adjusted for each model.
Contact with finite sliding was defined for the concrete-Needle contact surfaces. The friction and
bond between the concrete and Needle were set to zero in the models. To verify that the bond
and friction settings were created correctly, an embedded Needle perpendicular to the crack
surface was simulated. It was observed that no tensile resistance force was generated during the
process of Needle pulled-out from concrete.

130

Figure 6.8 The numerical model optimization process diagram

6.4 Results and discussion
The results for post cracking tensile strength of concrete incorporating Needles with
different geometries at different crack widths are presented in Figure 6.9.. The Needle with
higher aspect ratio showed the higher tensile stress. Within the first 1mm of displacement,
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the stress of all types of Needles increases rapidly as the crack opens. However, after the stress
reach the peak at crack width reach approximately 1 to 3 mm, the stress of the Needles decreases
slowly after the peak. It should be noted that in reality the tensile strength of cracked concrete
immediately after crack formation (crack width of zero) is not zero as the results of the model
here predicts. The reason is that in reality, Needles carry load before, during and after crack
formation. In the model presented in this work, due to the manner that the model was designed
for the sake of simplicity, Needles start to carry load after the formation of the crack; Needles
start to exist after the formation of a tensile crack. This difference is acceptable since the
objective of the study is to compare the effectiveness of different Needles in generating post
cracking tensile resistance of concrete.
Based on the stress values, it is obvious that the curves in Figure 6.9 can be divided into two
groups, each consist of three curves. At specific crack width, the Needles with higher values of
the tensile strength (Type 2,4,6) are those with the higher aspect ratio (60), and the Needles with
lower tensile strengths (Type 1,3,5) are those with the lower aspect ratio (20). The tensile
strength versus crack opening width curves of the low-aspect-ratio Needles are generally lower
than the high-aspect-ratio ones. The peak tensile stress of the Needle Type 4 diameter is 4mm,
and length is 240 mm Needle is the highest among the three. The peak stress differences among
the high-aspect-ratio Needles are similar to the low-aspect-ratio Needles, but still clearly
indicates that the stress is correlated to the aspect ratio of the Needle most, then influenced by
individual length or diameter parameters. The decrease of the curve after peak is more related to
the length of Needle. The tensile stress of longest needles are deceased slower than others, which
can be the contribution of remain embedded length of Needle in concrete. The decrease of the
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curve seems related to the diameters of Needle. The shape of the curves of the same diameter
Needle are similar, although the peak stresses are largely different.
Another significant finding is the effect of the diameter of the Needles. The difference of peak
stress between the same aspect ratio Needle/fiber is decrease for larger diameters. Figure 6.9
b,c,d shows the difference between Type 1 and 2, Type 3 and 4 Needles’ peak stress are similar,
around 50%. However, the difference of Type 5 and 6 Needles’ is only around 35%.
The curves grouping by aspect ratio is within expectation. Assuming for the same Needle
volumetric content 𝑅 , the same total volume Needle in the unit volume Needle reinforced
concrete is perfectly distributed. With the same diameter of individual Needles, the Needles with
higher aspect ratio, which would be longer than those with lower aspect ratio, naturally have a
higher chance of bridging cracks, and higher possibility of longer embedded length, which
contributes to the force resisting crack opening. An alternative explanation of the same fact is
that for a given Needle diameter, although increasing the aspect ratio reduces the number of
Needles in a given concrete volume, it increases the chances that a fiber intersects a crack
formed in a random plane within the concrete, and it increases the average embedded length of
the Needles. The reduced number of Needles has a negative impact on post crack tensile
strength. But this impact is more than offset by the increased chance of a Needle intersecting a
crack, and the increased average embedded length.
Similarly, for a given Needle volumetric content in concrete 𝑅 , and a given Needle aspect ratio,
the Needles with larger diameter (and therefore, larger length) will be fewer in number. Again,
there are two opposing impacts: the impact of the smaller number of Needles is reducing the
effectiveness of the Needles in contributing to post cracking tensile strength. On the other hand,
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the impact of the larger length and diameter of the Needles is more effective in post cracking
tensile load carrying capacity. The results of the analyses presented here show that the negative
effect of having fewer Needles less not exceeds the positive effect of having longer Needles.
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Figure 6.9 Tensile stress vs. crack width curve of 6 type Needles (D-Diameter, AR-aspect
ratio)

6.5 Conclusion
In summary, 90 single-Needle simulations for the different geometric, position, and orientation
parameters were conducted. The resulting tensile-stress-crack-width curve can be used to
understand the relative influence of the different parameters of the Needles on post-cracking
tensile strength of the concrete. The findings clearly show the following trends:
1)

The post-cracking peak tensile stress of concrete incorporating Needles of a

higher aspect ratio are higher than that of concrete incorporating Needles of a lower
aspect ratio.
2)

For concrete incorporating Needles of the same aspect ratio, the difference in

tensile strengths of concretes induced by different lengths or diameters of the Needles are
similar.
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3)

For concrete incorporating Needles of the same higher aspect ratio, the tensile

stress decreases slower as the diameter of the Needles increases.
The results suggest that the tensile strength of Needle incorporated concrete is primarily
influenced by the aspect ratio of the Needles. The tensile strength increases with the aspect ratio
in general.
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Summary and Recommendations for Future Work
7.1 Summary of the study
Current techniques of construction of reinforced concrete structures is time-consuming and
labor-intensive due to the need for continuous steel reinforcement. A discrete reinforcing
element that can be added during concrete mixing is desired to expedite concrete construction,
and port. This paper presents a novel slender discrete reinforce element in concrete with high
rigidity, referred to as Needles. To investigate the influence of Needles on the mechanical of
concrete incorporating FRP Needles, a series of experiments on concrete incorporating FRP
Needles with different physical properties were designed and conducted. The physical properties
of Needles investigated in the experiments include geometry, fiber direction, and size of Needles.
Based on the results from the experiments, the mechanism by which the ideal Needles functions
in concrete is discussed and FEM model simulation was conducted to identify the primary
influencing property of Needles on the mechanical properties of concrete.
This work is an introductory work to a new type of discrete reinforce element in concrete. The
conclusions of this work provide some preliminary reference for applications of Needles in
concrete. More importantly, this work establishes the first steps for future investigations in
slender discrete reinforce element in concrete.

7.2 Main Conclusions
The findings of this study lead to a number of major conclusions:
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1. As opposed to low aspect ratio FRP elements (FRP-RA), the slender FRP elements (Needles)
have significant positive effects on tensile strength and post-failure toughness of concrete
without affecting concrete’s workability and stability, and without causing a significant change
in its compressive strength.
2. The orientation of glass fibers in GFRP Needles is one of the key parameters which is strongly
correlated to the reinforcing performance of the Needles. The optimal performance is achieved
when all the fibers in a Needle are aligned with its axis. Needles increased the toughness of
concrete significantly, even those Needles with transversely aligned fibers. However, the GFRP
Needles with transversely aligned fibers did not have a notable effect on compressive, tensile,
and flexural strength of concrete.
3. The smaller and slenderer GFRP fibers are more effective than GFRP Needles in increasing
the toughness of concrete members. More energy is absorbed during the growth of crack width in
GFRP-fiber reinforced concretes. The variation in reinforcing performance of GFRP fibers in
concrete is than that related to GFRP Needles, due to the less uniform distribution of Needles in
relatively small-size concrete members. However, it is expected that the variation will be lower
in real-size concrete members.
4. Compared with commercial fibers used in concrete, for a given volumetric content, Needles
have a much lower tendency to agglomerate. Therefore, Needles can be incorporated in concrete
with much higher dosages in concrete without generating weak zones in concrete matrix caused
by the agglomeration of these slender elements.
5. The simulation results revealed that the post-cracking tensile strength of Needle incorporated
concrete is positively correlated with the aspect ratio of the Needles. As a result, the Needle with
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higher aspect ratio is recommended for further investigation in improving the tensile strength and
post failure performance of concrete. It is important to note that this finding is nevertheless in
agreement with the hypothesis this study is based on; it was initially hypothesized that the high
stiffness of Needles minimizes the need for large aspect ratios in order to achieve high
reinforcing efficiency. The findings of the simulations revealed that for a given aspect ratio,
slender elements with higher diameters (which make them stiffer) are more effective in
enhancing the post-cracking tensile strength of concrete. One can therefore make the logical
inference that to achieve a given level of efficiency in post cracking performance the aspect ratio
of the stiffer elements (Needles) does not need to be as high as those of less stiff elements
(fibers).

7.3 Recommendation for Future Work
The work reported in this thesis is exploratory research about a new type of discrete reinforcing
element for use in concrete. It initiated a path different from those taken for investigating
commercially available concrete reinforcing fibers. This study was the first step towards
evaluating the potential benefits of incorporating Needles in concrete and understanding the
mechanisms by which the Needles functions. Various other aspects of Needles and Needle
incorporated concrete need to be researched. In this work the focus was on Needles made of
GFRP materials. In addition, the dimensions of Needles used in the laboratory experiments, and
even in simulation, were not by any means exhaustive. Also, the FEM simulations did not aim at
an accurate prediction of performance, as it did at the prediction of relative performance. Further
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investigations need to be done to explore the full potential of Needle incorporated concrete and
generating accurate prediction models.
Because the possible combinations of length, section area and fiber orientation are infinite, this
work could only study several of those combinations. Now that the findings of this study have
identified aspect ratio as the primary factor influencing concrete performance, a much wider
range of aspect ratios can be investigated to determine the relationship between aspect ratio and
mechanical properties of Needle incorporated concrete at a broader range.
In this study GFRP was selected as the material for producing Needles. GFRP was chosen for its
high strength, stiffness, and chemical stability in concrete paste, and for creating potential
recycling opportunities. However, there are many other materials within those criteria, and
Needles made of those other materials should be investigated. In addition, the sources of GFRP
in the present study were waste rebars and used wind blades. GFRP Needles can be produced
through other resources to have different mechanical properties and surface textures.
Here Needles were simulated to have smooth surfaces and have no bond to concrete matrix, to
represent the “ideal Needle,” as discussed in Chapter 5. For this reason, the simulations could not
calibrate by the results of the experiments in which the rebar Needles did not have a smooth
surface. Future calibrated simulations of various Needles with dimensions applicable in real-life
construction and bonded to concrete matrix need to be performed to build a comprehensive
model. Such a model can be used to create guidelines for designing Needle incorporated concrete
members and structures.
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